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Lignin  is  a complex  aromatic  polymer  in  plant  cell  walls.  It  limits  cell  wall 
degradability  by  ruminants,  reducing  the  nutritional  value  of  forages.  Genetic  engineering 
using  an  antisense  gene  offers  the  potential  to  modulate  enzymes  in  the  lignin  biosynthetic 
pathway  to  reduce  and  or  modify  lignin  and  thereby  improve  forage  quality  and  animal 
performance. 

Maize  (Zea  mays  L.)  Hi-II  was  used  as  a model  system  to  investigate  the 
effectiveness  of  sorghum  [ Sorghum  bicolor  (L.)  Moench]  caffeic  acid  O-methyltransferase 
(OMT)  antisense  constructs  to  down  regulate  maize  OMT  and  improve  forage  quality. 
Sorghum  OMT  antisense  constructs  were  assembled  with  the  bar  selectable  gene,  which 
confers  glufosinate  herbicide  resistance,  along  with  the  appropriate  promoters  and 
terminators.  Embryogenic  maize  callus  tissue  was  transformed  by  biolistic  particle 
bombardment  and  350  plants  were  regenerated. 
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These  plants  were  characterized  using  herbicide  resistance,  PCR,  Southern  and 
northern  analyses.  About  55%  of  the  350  plants  were  resistant  to  1%  glufosinate  and 
85.3%  of  the  204  PCR-tested  plants  were  PCR  positive  for  bar  gene.  About  10%  of  the 
transgenic  plants  expressed  the  brown  midrib  phenotype  at  the  4-  to  6-leaf  stage  and 
vascular  tissue  discoloration  in  mature  stems  similar  to  the  natural  bm3  maize  mutants, 
which  have  improved  digestibility.  Southern  analysis  of  OMT  indicated  that  transgene 
copy  number  in  transgenic  plants  varied  from  1 to  20,  with  full-length  and  rearranged 
transgenes  present.  The  bar  gene  was  more  stably  transmitted  to  progeny  than  the 
antisense  OMT,  which  exhibited  multiple  rearrangements. 

OMT  activity  of  the  transgenic  plants  was  significantly  (p  < 0.05)  reduced  compared 
to  the  controls,  with  some  transgenic  plants  showing  60%  reduction.  The  distribution  of 
OMT  activity  and  OMT  mRNA  steady  state  level  showed  OMT  activity  was  highly 
correlated  to  the  OMT  mRNA  level. 

Transgenic  plants  with  down-regulated  OMT  activity  had  improved  (p<0.05)  in 
vitro  organic  matter  digestibility  (IVOMD)  as  compared  to  controls,  with  the  stems  being 
most  improved  (7.4%),  followed  by  sheaths  (5.2%)  and  leaves  (1.9%).  Lignin  content  was 
significantly  reduced  (stems  -19.8%,  sheaths  -18.8%,  leaves  -11.8%).  On  a whole  plant 
basis,  the  transgenic  plants  increased  IVOMD  an  average  of  5.0%  with  lignin  reduction  of 
16.5%.  The  highest  IVOMD  increase  was  8.0%  with  lignin  reduction  of  30.6%. 
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CHAPTER  1 
INTRODUCTION 


Lignin  is  a complex  phenolic  polymer  in  the  plant  cell  wall,  essential  for 
mechanical  support,  water  and  mineral  transport,  and  defense  in  vascular  terrestrial  plants 
(Taiz  and  Zeiger,  1991).  However,  lignin  is  unfavorable  for  the  utilization  of  plant 
biomass,  reducing  forage  digestibility  and  making  paper  pulping  difficult.  Therefore, 
there  is  worldwide  interest  in  reducing  plant  lignin  content  to  improve  the  utilization  of 
the  plant  wall. 

Lignin  is  derived  from  the  dehydrogenative  polymerization  of  three  monolignols 
(para-coumaryl  alcohol,  coniferyl  alcohol  and  sinapyl  alcohol),  and  the  general  lignin 
biosynthetic  pathway  is  partially  understood.  In  maize  (Zea  mays  L.),  sorghum  [Sorghum 
bicolor  (L.)  Moench]  and  pearl  millet  [Pennisetum  glaucum  (L.)  R.  Br.],  mutants 
characterized  by  a brown  midrib  phenotype  have  reduced  lignin  content  and/or  altered 
lignin  composition  (Chemey  et  al.,  1991).  The  cloning  of  genes  in  the  lignin  biosynthetic 
pathway  has  offered  the  potential  to  manipulate  lignin.  Several  genes  have  been  targeted 
to  down-regulate  the  gene  expression  involved  in  lignin  biosynthesis  (see  Table  2-2). 
Among  them,  caffeic  acid  3-O-methyltransferase  (OMT)  has  been  chosen  most  often 
because  the  maize  natural  brown  midrib  mutants  bm3  resulting  from  a deletion  of  or 
insertion  in  the  OMT  gene  have  reduced  lignin  content  and  altered  lignin  composition. 
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Reports  in  the  literature  have  focused  on  OMT  down-regulation  using  either 
tobacco  ( Nicotiana  tobacum ) (Ni  et  al.,  1994;  Vailhe  et  al.,  1996;  Sewalt  et  al.,  1997)  or 
poplar  ( Populus  tremuloides)  (Dwivedi  et  al.,  1994;  Legrand  et  al.,  1994;  Doorsselaere  et 
al.,  1995;  Atanassova  et  al.,  1995)  as  a model  system.  The  endogenous  OMT  activity 
level  was  reduced  by  varying  amounts,  from  30%  to  more  than  90%  in  different  studies. 
In  general,  lignin  chemical  composition  [the  syringyl  (S)/guaiacyl  (G)  ratio]  was 
significantly  reduced  while  lignin  content  was  not  significantly  changed  (Dwivedi  et  al., 
1994;  Legrand  et  al.,  1994;  Doorsselaere  et  al.,  1995;  Atanassova  et  al.,  1995).  Only  Ni  et 
al.  (1994)  and  Sewalt  et  al.  (1997)  reported  moderate  reduction  of  lignin  content  in  the 
transgenic  plants.  There  was  no  brown  midrib  phenotype  in  these  transgenic  plants  except 
that  Atanassova  et  al.  (1995)  observed  a pale  rose  color  in  the  xylem  of  the  transgenic 
poplar  trees. 

Lignin  has  been  negatively  correlated  with  forage  digestibility.  Brown  midrib 
mutants  have  been  considered  an  efficient  way  to  improve  forage  quality  because  of  their 
lower  lignin  content  and/or  modified  lignin  composition  (Chemey  et  al.,  1991;  Barriere 
and  Argiller,  1993).  Most  of  the  transgenic  research  was  focused  on  the  molecular 
characterization  and  lignin  characteristics  of  transgenic  plants.  Recently,  Vailhe  et  al. 
(1996)  and  Sewalt  et  al.  (1997)  reported  that  in  vitro  cellulase  degradability  improved  in 
the  OMT  down-regulated  transgenic  tobacco. 

As  tropical  grass  is  generally  less  digestible  than  temperate  grass,  we  are  using 
maize  as  a model  system  to  investigate  the  potential  for  forage  digestibility  improvement 
resulting  from  OMT  down-regulation  by  antisense  technology,  which  could  be  valuable 
for  the  forage  quality  improvement  of  tropical  grass. 
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Objectives  of  this  project  are  as  follows: 

1 , Construct  a set  of  sorghum  OMT  antisense  gene  vectors,  transform  maize  with 
these  vectors  via  the  microprojectile-mediated  gene  transfer  method,  and  present 
molecular  evidence  (Southern  blot  and  northern  blot  analyses)  for  the  presence  of 
transgene. 

2,  Characterize  the  transgenic  plants  for  OMT  down-regulation  (OMT  activity  and 
endogenous  OMT  mRNA  steady  state  levels),  phenotype  changes,  and  lignin  content. 

3,  Perform  forage  quality  studies  on  OMT  down-regulated  transgenic  plants, 
including  in  vitro  organic  matter  digestibility  and  cell  wall  analyses. 


CHAPTER  2 
LITERATURE  REVIEW 


Plant  Cell  Wall  and  Digestibility 
Lignin  and  the  Plant  Cell  Wall 

Lignin  is  the  second  most  abundant  organic  compound  of  plant  biomass  on  earth 
after  cellulose  (Bouget  and  Grima-Pettenati,  1996).  Lignin  is  deposited  in  the  cell  wall  of 
certain  plant  cells,  such  as  sclerenchyma,  xylem  vessels,  and  tracheids,  providing 
mechanical  support,  enabling  water  and  mineral  transport,  and  conferring  protection 
against  pathogens  (Sarkanen  and  Ludwig,  1971).  Lignin  is  broadly  defined  as  a complex 
polymer  arising  from  enzyme-initiated,  dehydrogenative  polymerization  of  three 
monolignols  (Sarkanen  and  Ludwig,  1971).  The  monolignols  are  para-coumaryl  alcohol 
(H),  coniferyl  alcohol  (G)  and  sinapyl  alcohol  (S).  Because  lignin  is  a complex  and 
heterogenous  macromolecule,  there  is  no  exact  chemical  definition  for  it.  The  subunits  of 
lignin  are  not  linked  in  a repetitive  way.  The  multiple  links  of  C-C  and  C-O-C  between 
the  free  radicals  of  monolignols,  result  in  a highly  branched  three  dimensional  structure. 
Variations  in  lignin  composition  occur  within  plant  species,  tissues  and  cell  types,  and  are 
also  depending  on  developmental  stages  (Campbell  and  Sederoff,  1996). 

There  are  three  major  differences  between  monocot  lignin  and  dicot  lignin.  (1) 
Monocot  lignin  is  more  soluble  than  dicot  lignin  in  alkaline  solution.  (2)  Monocot  lignin 
is  more  divergent  in  composition  than  dicot  lignin  and  has  more  p-coumaric  acid  and 
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ferulic  acid  esters  linked  to  cell  wall  polysaccharides.  Monocot  lignin  may  have  ester 
linkages  in  addition  to  C-C  and  C-O-C  linkages.  Ester  linkages  result  from  the 
phenylpropane  alcohol  polymerization.  Dicot  lignin  does  not  have  ester  linkages  and  is  a 
monolignol  alcohol  polymer  type  of  lignin.  (3)  Monocot  lignin  has  more  syringyl  units 
and  is  less  condensed;  dicot  lignin  has  more  guaiacyl  units  and  is  more  condensed  (Van 
Soest,  1994). 

The  plant  cell  wall  is  a rigid  structure  around  the  protoplast.  Growth  of  the  plant  cell 
wall  can  be  categorized  into  two  phases:  primary  growth  and  secondary  growth.  Primary 
cell  wall  growth  is  the  phase  when  the  plant  cell  is  increasing  in  size.  The  primary  cell 
wall  consists  of  polysaccharides,  proteins,  and  phenolic  acids.  When  cell  wall  elongation 
ceases,  the  plant  cell  wall  starts  secondary  wall  growth.  The  secondary  wall  contains  a 
higher  proportion  of  cellulose  and  fewer  pectins  than  the  primary  cell  wall.  Lignin 
deposition  begins  with  the  initiation  of  secondary  thickening.  Lignin  is  first  deposited  in 
the  middle  lamella,  the  primary  cell  wall  region,  and  then  proceeds  into  the  secondary 
wall.  Thus,  lignin  has  a concentration  gradient:  highest  in  the  middle  lamella  / primary 
cell  wall  and  lowest  close  to  the  plasma  membrane.  In  addition  to  the  concentration 
difference,  lignin  types  also  shift  from  H-type  lignin  (containing  more  para-coumaryl 
alcohol  units)  to  S-type  lignin  (containing  more  sinapyl  alcohol  units)  (Higuchi,  1985; 
Terashima  et  al.,  1986;  Fukushima  and  Terashima,  1990;  Jung  and  Allen,  1995;  Joseleau 
and  Ruel,  1997). 

During  secondary  wall  thickening,  cross-linkages  occur.  Iiyama  et  al.  (1994) 
reviewed  three  types  of  cross-links  between  lignin  and  polysaccharides:  (1)  ester  linkages 
between  uronic  acids  and  hydroxyl  groups  of  lignin  monomers  on  lignin  surfaces,  (2) 
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ether  linkages  between  polysaccharides  and  lignin  involving  glucose  or  mannose 
residues,  and  (3)  glycosidic  linkages  between  carbohydrates  and  terminal  phenolic  or  side 
chain  hydroxyls  in  lignin.  In  addition  to  the  above  direct  linkages,  lignin  and 
polysaccharides  can  be  associated  through  hydroxycinnamic  acid  ester-ether  bridges.  For 
example,  in  grass  cell  walls,  ferulic  acid  is  esterified  to  arabinoxylans  and  etherified  to 
lignin.  Moreover,  lignin  can  also  crosslink  to  cell  wall  proteins  (Iiyama  et  al.  1993). 

Plant  cell  wall  components  and  structure  differ  from  cell  types  within  a plant  and 
differ  among  taxonomic  groups  (Jung  and  Allen,  1995).  Not  all  plant  cell  types  have  the 
secondary  wall,  and  cells  such  as  leaf  mesophyll  and  collenchyma  do  not  have  lignified 
cell  walls.  Major  differences  in  cell  wall  composition  are  listed  in  Table  2-1 . 

Lignin  and  Forage  Digestibility 

Forage  digestibility  influences  the  growth  rate  of  young  livestock  and  milk 
production  of  lactating  animals  (Buxton  and  Casler,  1993).  Improved  digestibility  is  one 
of  the  major  objectives  for  improving  forage  quality.  A number  of  chemical  and  structural 
characteristics  of  the  plant  cell  wall  that  limit  cell  wall  digestibility  have  been  identified 
(Buxton  and  Casler,  1993).  Lignin  and  associated  phenolic  compounds  are  the  most 
important  factors  limiting  the  digestibility  of  the  wall  polysaccharides  in  the  rumen  of 
grazing  animals.  Lignin  seems  to  exert  its  negative  effect  on  digestibility  by  shielding  the 
polysaccharides  from  enzymatic  hydrolysis  (Jung  and  Deetz,  1993).  The  negative 
relationship  between  lignin  concentration  and  digestibility  has  been  recognized  for  many 
years  (Johnson  et  al.,  1962;  Tomlin  et  al.,  1964;  Jung,  1989;  Jung  et  al.,  1997;  Wilman 
and  Moghdam,  1998).  Van  Soest  (1993)  pointed  out  that  lignin  only  affects  the 


Table  2-1.  Composition  of  lignified  cell  wall  regions  in  grasses  and  legumes. 
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digestibility  of  cell  wall  rather  than  the  digestibility  of  total  forage  organic  matter. 
Lignin  subunit  composition  may  also  have  impact  on  cell  wall  degradability.  As  indicated 
by  Jung  and  Deetz  (1993),  S-type  lignin  might  protect  more  polysaccharides  in  the  cell 
wall  from  digestion  than  G-type  lignin.  However,  there  are  contradictory  reports.  Grabber 
et  al.  (1997)  observed  no  effect  of  lignin  composition  on  cell  wall  digestibility  when 
sinapyl  or  guaiacyl  lignin  precursors  were  added  to  a maize  tissue  culture  system  resulting 
in  artificial  lignification  of  the  primary  cell  wall.  Jung  et  al.  (1999)  also  reported  that 
complete  elimination  of  S-type  lignin  without  reducing  total  lignin  had  no  effect  on  cell 
wall  digestibility  when  mutant  Arabidopsis  thaliana  plants  were  used  as  a model  system. 

Phenolic  acids  in  the  cell  wall  may  also  affect  digestibility.  Early  reports  indicated 
that  phenolic  acids  might  be  toxic  to  the  ruminal  microbes,  but  a more  recent  study 
suggests  this  may  not  be  true  (Jung  and  Deetz,  1993). 

Cross-linkages  between  lignin  and  cell  wall  polysaccharide  may  have  a more 
important  effect  on  digestibility  than  lignin  or  phenolic  acid  concentration  (Jung  and 
Allen,  1995).  As  indicated  by  Grabber  et  al.  (1997),  digestibility  of  the  maize  primary 
cell  wall  was  significantly  reduced  by  cross-linkage  of  arabinoxylan  to  diferulate.  In 
addition  to  lignin  and  associated  phenolic  compounds,  cutin,  suberin,  tannin  and  biogenic 
silica  also  inhibit  plant  cell  wall  digestibility  (Van  Soest,  1993). 

The  Brown  Midrib  Phenotype  Effect  on  Forage  Digestibility 

Natural  or  induced  brown  midrib  mutant  plants  have  been  observed  and 
characterized  in  several  monocot  species  including  maize  ( Zea  mays  L.),  sorghum 
[Sorghum  bicolor  (L.)  Moench],  and  pearl  millet  [Pennisetum  glaucum  (L.)  R.  Br.] 
(Chemey  et  al.,  1991).  The  brown  midrib  phenotype  is  characterized  by  a reddish-brown 
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pigmentation  of  leaf  midribs  at  the  4 to  6-leaf  maturity  stage.  This  pigmentation  is  also 
observed  in  the  lignified  rind  and  vascular  cross-section  of  the  stem  (Fritz  et  al.,  1981; 
Chemey  et  al.,  1991;  Akin  and  Rigsby,  1991).  Brown  midrib  mutant  plants  are  generally 
associated  with  the  reduction  of  lignin  content  or  a change  of  lignin  subunit  composition 
(Muller  et  al.,  1971;  Barnes  et  al.,  1971;  Lechtenberg  et  al.,  1972;  El-Tekriti  et  al.,  1976; 
Fritz  et  al.,  1981;  1991;  Akin  and  Rigsby,  1991;  Barriere  and  Argillier,  1993;  Barriere  et 
al.,  1994;  Chabbert  et  al.,  1994).  Modified  lignin  content  or  composition  results  in  an 
increase  in  forage  digestibility  when  consumed  by  ruminant  animals  suggesting  that  the 
brown  midrib  genes  may  be  useful  in  improving  forage  quality  (Chemey  et  al.,  1991; 
Barriere  and  Argillier,  1993). 

A brown  midrib  mutation  was  first  found  in  maize  (Jorgenson,  1931).  Maize  has 
four  naturally  occurring  brown  midrib  mutant  genes:  bm  1,  bml,  bmb,  and  bm4.  Each  of 
the  genes  is  located  on  a different  chromosome  and  each  bm  allele  segregates  as  a 
recessive  Mendelian  character  (Barriere  and  Argillier,  1993).  Bmb  has  been  characterized 
as  a deletion  or  insertion  in  the  gene  encoding  caffeic  acid  O-methyltransferase  in  the 
lignin  biosynthetic  pathway  (Vignols  et  al.,  1995;  Morrow  et  al.,  1997).  The  other  brown 
midrib  genes  have  not  been  characterized.  Porter  et  al.  (1978)  and  Chemey  et  al.  (1988) 
used  chemical  mutagenesis  to  produce  brown  midrib  mutants  in  sorghum  and  pearl 
millet,  respectively.  Brown  midrib  mutants  in  all  three  species  have  lower  lignin  content 
and  generally  increase  in  vitro  dry  matter  digestibility  (Chemey  et  al.,  1991;  Chabbert  et 
al.,  1994).  In  addition,  brown  midrib  mutants  also  show  improved  voluntary  intake,  and 
animal  performance.  This  information  suggests  that  down  regulation  of  the  enzymes  in 
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the  lignin  biosynthetic  pathway  could  make  important  improvements  in  forage  quality  and 
animal  productivity. 

Plant  Cell  Wall  Components  and  In  Vitro  Digestibility  Analysis 

Plant  cell  walls  of  forages  account  for  400  to  700g  kg'1  of  plant  dry  matter  and 
provide  energy  for  animal  production  after  fermentation  by  rumen  microorganisms 
(Lagowski  et  al.,  1958;  Waite  and  Garrod,  1959;  Barton  et  al.,  1976;  Chesson  and 
Forsberg,  1988).  In  forages,  the  analysis  of  the  cell  wall  components  is  based  on  fiber 
analysis.  Fiber  has  nutritional  characteristics  that  describe  the  forage  cell  wall 
components  that  have  low  solubility  in  specific  solvent  systems  (neutral  or  acid  detergent) 
and  are  relatively  less  digestible  than  starch  (Jung  and  Allen,  1995).  Neutral  detergent 
fiber  (NDF)  is  an  adequate  characterization  of  the  plant  cell  wall  in  nutritional  studies  and 
for  the  general  description  of  forage  quality  (Jung  and  Allen,  1995). 

Several  procedures  exist  for  fiber  analysis  (Theander  and  Westerlund,  1993).  The 
widely  accepted  method  for  feed  analysis  is  the  detergent  gravimetric  method  introduced 
by  Van  Soest  (1963a).  This  method  includes  sequential  procedures.  One  procedure  is  a 
neutral  detergent  fiber  (NDF)  analysis  which  is  based  on  extraction  of  the  plant  material 
with  a hot  neutral  solution  of  sodium  lauryl  sulfate  (Van  Soest,  1963a;  Van  Soest  and 
Wine,  1967).  The  NDF  analysis  is  accepted  as  a method  of  estimating  the  cell  wall 
content.  The  other  procedure  is  an  acid  detergent  fiber  method  (ADF)  using  heat 
treatment  of  the  sample  with  sulfuric  acid  containing  cetyltrimethyl-ammonium  bromide 
(Van  Soest,  1963b;  Goering  and  Van  Soest,  1970).  The  ADF  residue  contains  mainly 
cellulose  and  lignin.  Lignin  content  can  be  determined  by  permanganate  oxidation  or 
sulfuric  acid  treatment  leaving  acid  detergent  lignin  (ADL). 
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For  determining  feed  digestibility,  the  Tilley  and  Terry  (1963)  in  vitro  rumen 
method  is  considered  the  most  reliable  method  (Van  Soest,  1993).  This  method  involves  a 
48  hr  fermentation  by  rumen  microorganisms  followed  by  HCl-pepsin  digestion.  The 
difference  in  dry  matter  or  organic  matter  between  the  pre-treatment  and  post-treatment 
residues  is  considered  to  be  degraded. 

Genetic  Manipulation  of  Lignin  with  Biotechnology 
Lignin  Biosynthetic  Pathway 

The  biosynthesis  of  lignin  involves  three  pathways  (1)  the  shikimate  pathway  which 
supplies  phenylalanine  and  tyrosine  (in  grasses),  (2)  the  common  phenylpropanoid 
pathway  from  phenylalanine  to  the  cinnamoyl  CoAs,  and  (3)  the  lignin  specific  pathway 
which  leads  to  monolignols  and  lignin  synthesis  (Boudet  et  al.,  1995;  Whetten  and 
Sederoff,  1995;  Dixon  et  al.,  1996).  Several  other  plant  secondary  metabolites  in  addition 
to  lignin  are  also  derived  from  phenylalanine,  such  as  flavonoids,  tannins,  and  benzoic 
acid  derivatives  (Taiz  and  Zeiger,  1991).  The  enzymes  and  their  catalyzed  reactions  are 
illustrated  in  Fig.  2-1. 

Modification  of  Gene  Expression-Antisense  Strategy 

There  are  a number  of  ways  to  down-regulate  gene  expression,  such  as  radiation, 
chemical  mutagenesis,  T-DNA  or  transposon  insertion,  and  sense  gene  suppression. 
Compared  to  these  methods,  antisense  gene  suppression  is  a more  direct  approach, 
although  the  mechanism  is  not  well  understood.  There  are  several  hypotheses  concerning 
the  mechanisms  of  antisense  function:  (1)  antisense  RNA  may  interfere  with  endogenous 
mRNA  processing  and  transport;  (2)  antisense  RNA  may  inhibit  target  mRNA 
translation;  (3)  antisense  RNA  and  the  target  mRNA  may  form  dsRNA  and  trigger  RNA 
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dehydrogenase  (Whetten  and  Sederoff,  1995;  Campbell  and  Sederoff,  1996). 
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degradation;  and  (4)  antisense  RNA  may  interact  with  the  target  DNA  and  slow  down 
mRNA  transcription  (De  Lange  et  al.,  1995). 

Several  factors  can  affect  antisense  efficiency  in  gene  suppression.  First,  antisense 
RNA  amount  may  influence  the  efficiency  but  the  presence  of  antisense  RNA  does  not 
guarantee  the  inhibitory  effect  on  targeting  gene  expression.  In  some  cases,  a higher 
concentration  of  antisense  RNA  results  in  a higher  rate  of  suppression,  while  in  other 
cases,  a high  level  of  antisense  RNA  was  detected  but  the  target  mRNA  level  was  not 
reduced  (Robert  et  al.,  1989;  Cannon  et  al.,  1990;  Van  Der  Meer  et  al.,  1992;  Stockhaus 
et  al.,  1990).  Secondly,  the  sequence  homology  between  antisense  and  the  target  gene 
may  be  another  factor.  However,  the  overall  nucleotide  sequence  homology  between 
antisense  and  the  resident  gene  could  be  low,  because  short  regions  of  highly  homologous 
sequences  can  have  a significant  inhibitory  effect  (Mol  et  al.,  1990;  Temple  et  al.,  1993). 
Additionally,  different  antisense  gene  fragments  may  have  different  and  unpredictable 
inhibitory  effects.  Sometimes,  full-length  antisense  transgenes  cannot  inactivate 
endogenous  gene  expression,  whereas  antisense  genes  containing  only  the  3'-ffagment  or 
the  5'-fragment  of  the  target  gene  can  completely  suppress  target  gene  expression  (De 
Lange  et  al.,  1993;  Mol  et  al.,  1990;  Sandler  et  al.,  1988;  Van  Der  Krol  et  al.,  1990).  Also, 
the  relative  location  of  antisense  RNA  and  target  mRNA  may  also  contribute  to  the 
efficiency  of  antisense  down-regulation  (De  Lange  et  al.,  1995;  Arndt  and  Rank,  1997). 
Recent  progress  showed  that  coexpression  of  the  sense  and  antisense  gene  on  the  same 
construct  resulted  in  more  effective  inhibition  of  the  target  gene  than  that  of  the  simple 
antisense  and  sense  genes  (Waterhouse,  et  al.,  1998). 
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Table  2-2.  Characteristics  of  different  transgenic  plants  with  down-regulated  gene 
expression  in  the  lignin  biosynthetic  pathway. 


Targeted 

gene 

Plant 

species 

Lignin 

content 

Lignin  S/G 
ratio 

Phenotype 

Reference 

PAL 

Tobacco 

Reduced 

Increased 

Pleiotrophic 

Sewalt 
et  al.,1997 

C4H 

Tobacco 

Reduced 

Decreased 

Not 

determined 

Sewalt 
et  al.,1997 

OMT 

Tobacco 

Reduced 

No  change 

Not 

determined 

Ni  et  al., 
1994 

OMT 

Tobacco 

No  change 

Decreased 

Pale  rose 
color  in  xylem 

Atanassova 
et  al.,  1995 

OMT 

Poplar 

No  change 

Decreased 

Not 

determined 

Van 

Doorsselaere 
et  al.,  1995 

CCoA- 

OMT 

Tobacco 

Reduced 

Decreased 

Brown  color 
in  xylem 

Zhong  et  al., 
1998 

OMT+ 

CCoAOMT 

Tobacco 

Reduced 

Decreased 

Not  described 

Zhong  et  al., 
1998 

4CL 

Tobacco 

Reduced 

Decreased 

Brown  color 
in  xylem 

Kajita  et  al., 
1997 

CCR 

Tobacco 

Reduced 

Increased 

Orange-brown 
color  in  xylem 

Piquemal 
et  al.,  1998 

CAD 

Tobacco 

Reduced 

Decreased 

Red  color  in 
xylem 

Halpin  et  al., 
1994 

CAD 

Poplar 

No  change 

No  change 

Red  color  in 
xylem 

Baucher 
et  al.,  1996 

Peroxidase 

Tobacco 

No  change 
or  slightly 
increased 

Not 

determined 

Pleiotrophic 

Lagrimini 
et  al.,  1997 
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Target  Enzymes  in  the  Lignin  Biosynthetic  Pathway 

Different  enzymes  in  the  lignin  biosynthetic  pathway  have  been  targeted  to 
modify  lignin  (see  summary  in  Table  2-2).  Caffeic  acid  3-O-methyltransferase  (OMT,  E. 
C.  2. 1.1. 6)  catalyzed  the  methylation  of  caffeic  acid  to  form  ferulic  acid  using  S- 
adenosylmethionine  as  the  methyl  group  donor.  It  is  known  that  OMT  in  gymnosperms  is 
monofunctional  and  only  catalyzes  caffeate  to  ferulic  acid,  while  OMT  in  angiosperms  is 
bifunctional  and  methylates  both  caffeic  and  5-hydroxyferulic  acids  to  ferulic  acid  and 
sinapic  acid,  respectively  (Boudet  et  al.,  1995;  Whetten  and  Sederoff,  1995).  OMT  has 
been  often  selected  as  target  because  it  plays  an  important  role  in  monolignol  synthesis.  It 
is  assumed  that  decreasing  the  degree  of  methoxylation  in  lignin  would  improve  forage 
digestibility  as  evidenced  by  the  brrii  mutant,  or  improve  the  efficiency  of  wood  chemical 
pulping  (Boudet  et  al.,  1995). 

OMT  Gene  Organization  and  Expression 

Different  cDNA  clones  encoding  OMT  have  been  isolated  from  several  plant 
species.  Bugos  et  al.  (1991)  cloned  the  first  OMT  cDNA  from  aspen  ( Populus 
tremuloides).  Other  OMT  cDNA  clones  have  been  successively  obtained  from  alfalfa 
( Medicago  sativa ) (Gowri  et  al.,  1991),  poplar  ( Populus  deltoides ) (Dumas  et  al.,  1992), 
tobacco  ( Nicotiana  tobacum)  (Jaeck  et  al.,  1992),  eucalyptus  {Eucalyptus  gunnii) 
(Poeydomenge  et  al.,  1994),  and  pine  (Pinus  taeda ) (Li  et  al.,  1997).  Collazo  et  al.  (1992) 
characterized  the  structure  and  expression  of  maize  OMT,  which  was  the  first  clone  from 
monocots. 

OMTs  are  highly  conserved  in  dicots.  It  seems  that  a gene  family  encodes  OMTs  in 
dicots  because  different  OMT  cDNAs  have  been  isolated  from  the  same  species  (Bugos  et 


16 


al.,  1991;  Ye  and  Varner,  1995;  Jaeck  et  al.,  1996;  Hayakawa  et  al.,  1996).  The  best- 
characterized  example  is  tobacco  OMT.  Tobacco  OMTs  are  grouped  into  two  classes: 
class  I and  II  OMT.  Each  class  of  OMT  has  two  members.  Class  I OMT  is  the  major 
form  expressed  in  healthy  plants  and  seems  to  be  particularly  related  to  lignification, 
while  class  II  OMT  expression  is  responsive  to  pathogen  attack  (Pellegrini  et  al.,  1993; 
Jaeck  et  al.,  1996). 

Monocot  OMTs  have  not  been  as  well  characterized  as  dicot  OMTs.  However,  the 
organization  of  maize  OMT  gene  in  the  genome  seems  different  from  the  dicot  OMTs.  As 
pointed  out  by  Collazo  et  al.  (1992),  maize  OMT  is  encoded  by  a single  gene  rather  than  a 
gene  family.  Maize  OMT  mRNA  is  highly  accumulated  in  roots  of  the  elongating  regions, 
which  correlates  to  the  lignification  process.  Vignols  et  al.  (1995)  using  in  situ  techniques 
indicated  that  maize  OMT  mRNA  also  accumulates  in  leaf  midribs.  By  promoter  fusion 
with  GUS,  the  chimeric  gene  (OMT  promoter-GUS)  was  introduced  in  tobacco  and 
maize  (Capellades  et  al.,  1996).  GUS  expression  driven  by  the  OMT  promoter  is 
observed  in  xylem  and  other  tissues  of  tobacco  and  maize  that  is  undergoing  lignification. 
Interestingly,  with  that  construct,  GUS  expression  also  responds  to  wounding  and  fungal 
elicitors. 

OMT  Down-regulation  by  Genetic  Engineering 

Ni  et  al.  (1994)  first  introduced  alfalfa  OMT  antisense  constructs  into  tobacco  and 
alfalfa  plants.  Their  results  indicated  that  lignin  content  was  reduced  but  the  composition 
of  lignin  was  not  significantly  changed.  Dwivedi  et  al.  (1994)  reported  a slight  reduction 
of  both  lignin  content  and  S/G  ratio  when  an  OMT  from  aspen  was  used  to  transform 
tobacco.  However,  other  authors  have  reported  contradictory  results.  Several  tobacco 
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showed  a strong  suppression  of  OMT  activity  correlated  with  a significant  reduction  of 
S/G  ratio  but  lignin  content  was  not  altered,  as  compared  to  the  controls  (Legrand  et  al., 
1994).  Moreover,  a new  monomeric  5-hydroxylguaiacyl  unit  was  observed  in  the 
transgenic  tobacco  plants,  which  is  similar  to  the  characteristic  of  bm3  (Monties  et  al., 
1994).  Jan  Van  Doorsselaere  et  al.  (1995)  reported  similar  results  when  they  used  a 
poplar  OMT  cDNA  to  manipulate  the  poplar  OMT  expression  by  sense  or  antisense 
suppression.  To  date,  there  is  no  report  on  antisense  down-regulation  of  OMT  in 
monocots. 

Most  of  the  studies  on  OMT  down-regulation  in  transgenic  plants  have  focused  on 
the  molecular  characterization  of  transgenic  plants  and  lignin  component  or  content 
analysis.  More  recent  reports  indicated  the  change  of  digestibility  or  pulping 
characteristcs.  Vailhe  et  al.  (1996)  reported  that  the  stems  of  the  antisense  OMT 
transgenic  tobacco  plants  with  a 92%  reduction  of  OMT  activity  showed  a 3.5% 
improvement  in  dry  matter  cellulase  degradability  by  3.5%.  Sewalt  et  al.  (1997)  reported 
in  their  extreme  case  that  the  stem  from  one  of  their  primary  OMT  antisense  transgenic 
tobacco  had  an  approximately  50%  reduction  of  OMT  activity  and  improved  cell  wall 
cellulase  degradability  of  48%.  Unexpected  results  were  obtained  when  Lapierre  et  al. 
(1999)  analyzed  OMT  down-regulated  transgenic  poplar  plants.  They  found  that  the 
transgenic  plants  were  more  resistant  to  kraft  delignification  than  the  control  plants 
during  the  pulping  process  when  the  transgenic  plants'  lignin  composition  (S/G  ratio)  was 
reduced  rather  than  lignin  content. 
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Plant  Transformation 

T ransformation  Methodology 

Genetic  transformation  of  higher  plants  has  not  only  provided  an  efficient  way  to 
study  gene  structure,  function  and  regulation,  but  also  has  allowed  expression  of  unique 
genes  for  improved  agronomic  traits  in  crop  plants.  A variety  of  transformation  methods 
have  been  developed.  Among  them.  Agrobacterium- mediated  transformation, 
microprojectile  bombardment,  electroporation,  protoplast  transformation,  and  silicon 
carbide  whisker-mediated  gene  transfer  are  currently  employed  and  have  proven  useful. 
Agrobacterium-mediated  gene  transfer 

Most  transgenic  plants  produced  to  date  were  created  through  the  use  of  the 
Agrobacterium  system  that  is  mainly  effective  with  dicots  (Gasser  and  Fraley,  1989; 
Vasil,  1996).  Virulent  strains  of  Agrobacterium  tumefaciens  contain  the  Ti  plasmid 
which  has  two  sequence  regions  necessary  for  gene  transfer  to  plants:  the  T-DNA  region 
that  is  transferred  to  plants  and  the  vir  region  containing  genes  which  are  not  transferred 
but  are  responsible  for  infection  and  gene  transfer.  The  mechanism  of  T-DNA  integration 
into  the  plant  genome  is  not  known,  but  it  involves  the  interaction  of  genes  from  the  Ti 
plasmid  (vir)  and  the  Agrobacterium  chromosome  (chv)  (Sheng  and  Citovsky,  1996). 
There  are  two  types  of  transformation  vectors  used  with  Agrobacterium:  cointegrative, 
and  the  more  commonly  used,  binary  vectors.  The  production  of  transgenic  plants  using 
Agrobacterium  includes  3 steps:  incubate  wounded  plant  tissues  to  be  transformed  with 
the  Agrobacterium  strain  containing  the  vector  to  be  transferred,  screen  for  the 
transformed  cells,  and  finally  regenerate  the  transformed  cells  into  plants. 
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The  Agrobacterium-medvdted  method  of  gene  transfer  in  general  has  two 
advantages:  (1)  it  transfers  relatively  large  segments  of  DNA  with  little  rearrangement; 
and  (2)  it  integrates  a single  copy  or  low-copy  number  of  genes  into  plant  chromosome 
(Jahne  et  al.,  1995). 

Although  monocotyledonous  plants  are  not  the  natural  host  of  Agrobacterium, 
several  successful  transformations  have  been  made  in  rice  (Chan,  1992),  maize  (Ishida  et 
al.,  1996),  wheat  (Mooney  and  Goodwin,  1991)  and  barley  (Tingay  et  al.,  1997).  The 
authors  concluded  that  the  starting  materials,  tissue  culture  conditions,  bacterial  strains 
and  vectors  had  great  effect  on  efficient  gene  transfer.  It  is  possible  that  the  application  of 
Agrobacterium- mediated  gene  transfer  can  produce  a wider  range  of  transgenic 
monocots. 

Microprojectile  bombardment 

The  development  of  microprojectile  bombardment  (biolistics)  transformation 
technology  has  been  significant  for  plant  genetic  engineering,  because  it  is  equally 
efficient  in  the  transformation  of  monocot  and  dicot  species  (Sanford  et  al.,  1987; 
Sanford,  1990).  It  is  now  the  most  routinely  used  transformation  method  (Christou, 
1 995).  The  principle  is  that  dense  microscopic  particles  (tungsten  or  gold)  are  coated  with 
DNA  and  then  accelerated  into  plant  cells,  allowing  transient  gene  expression  or  stable 
transformation.  Several  physical  and  chemical  factors,  such  as  particle  type,  size  and 
density,  DNA  precipitation  method,  and  particle  acceleration  speed,  have  an  effect  on 
transformation  efficiency,  but  the  critical  factor  is  that  the  DNA  is  delivered  to  cells  that 
can  be  regenerated  (Birch  and  Bower,  1994).  Embryogenic  suspension  cells,  embryogenic 
callus  cultures  and  primary  explants  have  been  used  as  regenerable  tissues  for 
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microprojectile  bombardment.  Microprojectile  bombardment  has  been  used  to  produce 
fertile  transgenic  plants  in  most  major  crops  (Lazzeri  and  Shewry,  1993;  Christou,  1995; 
Dunwell,  1995).  Microprojectile  bombardment  has  also  been  successfully  utilized  to 
transform  plastids  (Boynton  et  al.,  1988;  Daniell  et  al.,  1990;  Daniell  and  Varma,  1998; 
Daniell  et  al.,  1998;  Hibberd  et  al.,  1998;  Kota  et  al.,  1999;  Sikdar  et  al.,  1998)  and 
mitochondria  (Boynton  and  Gillham,  1996;  Butow  et  al.,  1996). 

Tissue  electroporation 

Transformation  via  electroporation  of  intact  cells  (embryos,  seeds  and  callus)  has 
been  attempted  by  many  workers  and  has  provided  positive  results.  However,  it  is  not  in 
general  use.  The  mechanism  of  transformation  by  electroporation  is  not  yet  understood.  It 
is  possible  that  the  electric  pulse  makes  both  the  cell  wall  and  plasma  membrane  porous 
to  DNA.  There  are  two  major  advantages  of  cell  electroporation.  (1)  Regenerable  tissues, 
such  as  immature  scutella  and  embryogenic  callus,  are  accessible  to  transformation;  and 
(2)  the  procedure  does  little  damage  to  the  treated  culture  (Lazzeri  and  Shewry,  1993). 
Application  of  this  technique  to  stable  transformation  has  been  demonstrated  in  maize  (D' 
Halluin  et  al.,  1992;  Pescitelli  and  Sukhapinda,  1995),  rice  (Li  et  al.,  1991)  and  sugarcane 
(Arencibia  et  al.,  1995). 

T ransformation  of  protoplasts 

Another  technique  is  direct  uptake  of  DNA  by  protoplasts,  stimulated  by  either 
electroporation  or  polyethylene  glycol  (PEG)  treatment.  This  method  requires  protoplasts. 
Isolated  protoplasts  are  suspended  in  a buffer  solution  containing  plasmid  DNA  and  the 
protoplast  plasma  membranes  are  transiently  disrupted  by  a stimulus,  allowing  DNA 
uptake.  The  main  disadvantage  of  this  method  is  that  regeneration  from  protoplasts  in 
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many  species,  especially  cereals,  is  difficult.  The  success  of  obtaining  transgenic  plants 
by  protoplast  transformation  has  been  demonstrated  in  rice  (Tsugawa  et  al.,  1998),  maize 
(Hansen  et  al.,  1997),  and  barley  (Kihara  et  al.,  1998). 

Silicon  carbide  whisker-mediated  transformation 

This  method  involves  mixing  of  cells  in  liquid  medium  with  silicon  carbide  fibers 
(0.6  pm  average  diameter,  10-80  pm  length)  and  plasmid  DNA,  then  vortexing.  DNA 
delivery  in  this  system  is  presumably  due  to  cell-wall  penetration  by  DNA-coated  silicon 
carbide  fibers  (Frame  et  al.,  1994;  Thompson  et  al.,  1995).  The  attraction  is  its 
simplicity  and  low  requirement  of  expensive  instruments. 

Selectable  Marker  Genes 

A selectable  marker  gene  is  critical  for  a plant  transformation  system.  Selectable 
marker  genes  encode  proteins  that  can  either  detoxify,  or  degrade,  or  make  cells/tissues 
insensitive  to  phytotoxic  chemicals  so  that  the  rare  transformed  cells  can  preferentially 
grow.  Selectable  marker  genes  are  generally  under  the  control  of  strong,  constitutive 
promoters.  There  are  two  main  classes  of  selectable  marker  genes  used  in  plant 
transformation  systems:  genes  for  antibiotic  resistance  and  for  herbicide  resistance. 
Among  these,  the  bialaphos  resistance  gene  (bar)  from  Streptomyces  hygroscopicus 
(Thompson  et  al.,  1987)  is  the  most  widely  used  selectable  marker  gene  for  monocot 
transformation  (Vasil,  1994).  The  bar  gene  encodes  the  enzyme  phosphinothricin 
acetyltransferase  (PAT)  which  acetylates  the  free  NH2  group  of  phosphinothricin  (PPT), 
providing  resistance  to  the  PPT  herbicides,  glufosinate  and  bialaphos.  Glufosinate  is  the 
ammonia  salt  of  PPT,  and  both  are  chemically  synthesized,  while  bialaphos  is  a 
fermented  tripeptide  containing  PPT  and  two  alanine  residues  (Dennehey  et  al.,  1 994). 
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Transient  Expression  Assay 

Delivery  of  DNA  and  its  expression  in  plant  cells  are  essential  for  a plant 
transformation  system.  Several  factors,  such  as  promoter  strength,  target  tissues,  and 
proper  transformation  methods  can  be  involved.  These  associated  parameters  can  be 
evaluated  by  assaying  the  transient  expression  of  reporter  genes  24-48  hr  after  DNA 
delivery.  The  transient  assay  does  not  require  integration  of  the  plasmid  DNA  into  the 
plant  chromosome.  Therefore,  it  allows  quick  optimization  of  transformation  parameters. 

The  p -glucuronidase  gene  (gus),  encoded  by  the  uidA  locus  of  E.  coli  (Jefferson, 
1987)  is  the  most  widely  used  reporter  gene  in  plant  transformation.  The  GUS  expression 
assay  can  be  either  visualized  by  histochemical  staining  or  quantitatively  determined  by 
fluorometric  or  spectrophotometric  assays. 

Enhancing  Transgene  Expression 

The  perspective  of  plant  transformation  depends  very  much  on  the  levels  of 
expression  of  the  introduced  genes.  Several  strategies  have  been  proposed  to  increase  the 
level  of  transgene  expression  (Meyer,  1995).  Here,  the  focus  is  on  promoters,  introns,  and 
3'-  untranslated  regions  (terminators). 

Promoters 

Generally  speaking,  a strong  promoter  leads  to  a high  level  of  gene  transcription. 
Cauliflower  mosaic  virus  (CaMV)  35S  promoter  (Oiszewski  et  al.,  1982)  has  been  most 
useful  in  dicot  species,  but  the  level  of  gene  expression  produced  by  this  promoter  is 
much  lower  in  monocots.  A number  of  promoters  have  been  isolated  and  modified  to 
drive  gene  expression  at  a high  level  in  monocots.  Among  these,  Ubi-1  promoter 
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(Christensen  et  al.,  1992)  of  maize  ubiquitin-1  gene  and  Act-1  promoter  (McElory  et  al., 
1990)  of  rice  actin-1  gene  are  commonly  used  in  monocot  transformation. 

Introns 

It  has  been  known  for  a long  time  that  an  intron  can  enhance  gene  expression.  It  was 
found  that  the  presence  of  the  intron  does  not  increase  transcription,  but  improves  the 
processing  efficiency  at  the  3'  end  of  the  transcript  and  nucleocytoplasmic  transport.  This 
increases  the  steady  state  level  of  the  mRNA  and  finally  increases  the  protein  level 
(Huang  and  Gorman  1990;  Simpson  and  Filipowicz  1996).  The  use  of  intron  sequences  in 
plant  expression  vectors  is  almost  universal  for  cereal  crop  transformation. 
3’-untranslated  region  (terminator) 

In  eukaryotes,  the  3 '-untranslated  region  (including  the  polyA  tail)  is  essential  for 
mRNA  stability  and  efficient  translation  (Futterer  and  Hohn,  1996).  Attachment  of  a 3'- 
untranslated  region  from  other  genes  downstream  of  the  specific  gene  is  a common 
strategy  to  increase  the  transgene  stability.  The  3'-untranslated  region  from  nopaline 
synthase  (NOS)  (Kemp  et  al.,  1979)  is  most  often  used  for  such  a purpose  (Koziel  et  al., 
1996) 

Confirmation  of  Transgenic  Plants 

There  are  a number  of  methods  to  confirm  that  plants  are  transformed.  The  methods 
used  in  this  study  are  described  as  follows. 

PCR  assay 

The  polymerase  chain  reaction  (PCR;  Mullis  and  Faloona  1987;  Saiki  et  al.,  1988) 
has  been  often  used  to  initially  screen  regenerated  plants  for  transgenes.  Because  this 
technique  does  not  require  much  DNA  from  each  sample  nor  high  quality  DNA,  various 
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protocols  have  been  developed  to  quickly  test  plant  samples  for  the  transgene  (Edwards  et 
al->  1991;  Brunei,  1992;  Luo  et  al.,  1992;  Klimyuk  et  ah,  1993).  PCR  results  are  reliable  if 
the  conditions  of  amplification  have  been  optimized  and  proper  controls  are  used. 

Southern  blot  hybridization  analysis 

Genomic  DNA  is  isolated  and  digested  with  an  endonuclease  restriction  enzyme. 
The  DNA  fragments  are  separated  with  agarose  gel  electrophoresis  and  transferred  to  a 
nylon  membrane  (Southern,  1975).  The  membrane  is  then  hybridized  with  a fluorescent 
or  radiolabeled  probe  and  exposed  to  X-ray  film.  With  the  appropriate  controls,  presence 
of  a hybridizing  band  in  a putative  transformed  plant  provides  the  strongest  evidence  of 
transformation. 

Enzyme  assay  of  phosphinothricin  acetyltransferase  (PAT) 

The  PAT  (encoded  by  the  selectable  marker  bar  gene)  activity  in  the  transgenic 
plants  can  be  visualized  by  autoradiography  after  the  plant  extracts  incubating  with  14C- 
acetyl  coenzyme  A followed  by  elution  on  the  thin-layer  chromatography  (Spencer  et  al., 
1990).  A simpler  way  is  to  test  for  herbicide  resistance  by  spraying  or  painting  the  leaf  of 
the  transgenic  plants  with  the  glufosinate  herbicide  (Gordon-Kamm  et  al.,  1990).  The 
results  are  reliable  if  proper  herbicide  concentration  and  controls  are  used. 

Northern  blot  hybridization  analysis 

Total  RNA  or  mRNA  is  extracted  from  the  plant  sample  and  separated  by 
electrophoresis  through  a denaturing  agarose  gel.  The  RNA  is  then  transferred  to  a nylon 
membrane.  The  transgene  mRNA  can  be  detected  by  hybridization  with  the  labeled 
transgene  DNA  or  RNA  probe  followed  by  autoradiography.  This  analysis  provides 
molecular  evidence  that  the  transgene  is  functionally  transcribed. 
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Transgene  Integration,  Expression,  and  Inheritance 

Microprojectile-mediated  gene  transfer  has  generally  resulted  in  multiple  copies  of 
transgene  being  integrated.  Both  full-length  and  rearranged  transgenes  are  frequently 
detected  in  variable  copy  numbers  ranging  from  1 to  more  than  20.  Transgene 
rearrangement  may  involve  deletion,  ligation,  concatenation,  and  possibly  recombination, 
which  could  occur  before  or  after  integration  of  the  transgene  into  the  host  genome 
(Pawlowski  and  Somers,  1996;  Bower  et  al.,  1996).  The  multiple  copies  of  the  transgene 
are  frequently  inherited  as  a single  unit,  suggesting  that  the  transgene  sequences  integrate 
into  the  genome  at  either  tightly  linked  loci  or  as  a single  locus  rather  than  randomly 
distributed  in  all  chromosomes  (Pawlowski  and  Somers,  1996;  Takano  et  al.,  1997; 
Kumpatla  et  al.,  1997).  Transgene  transmission  to  the  progeny  can  follow  a Mendelian 
ratio  or  be  distorted  (Fromm  et  al.,  1990;  Spencer  et  al.,  1992;  Walters  et  al.,  1992; 
Register  et  al.,  1994;  Finnegan  and  McElory,  1994;  Kumpatla,  1997). 

The  expression  of  the  transgene  in  the  primary  transgenic  plant  and  its  progeny  are 
unpredictable.  Transgenes  can  be  inactivated  by  different  mechanisms,  such  as  DNA 
methylation,  and  homology-dependent  gene  silencing  (Kilby  et  al.,  1992;  Ingelbrecht  et 
al.,  1994;  Meyer  and  Heidmann,  1994;  Finnegan  and  McElory,  1994;  Matzke,  M.A  and 
Matzke,  A.J.M.,  1995;  Stam  et  al.,  1997).  Thus,  transgene  expression  has  been  sometimes 
considered  as  an  epigenetic  trait  (Meyer  and  Heidmann,  1994;  Meins  and  Kunz,  1995; 
Kumpatla  et  al.,  1997).  Selection  of  highly  expressed  transgene  and  stabilization  of  the 
introduced  trait  in  the  subsequent  generations  are  major  challenges  for  utilization  of 
genetic  engineering  to  improve  crop  quality. 


CHAPTER  3 

ANTISENSE  VECTOR  CONSTRUCTION 


Introduction 

The  objective  of  the  project  is  to  reduce  lignin  content  or  modify  the  lignin 
component  by  expressing  the  antisense  version  caffeic  acid  O-methyltransferase  (OMT), 
a gene  in  the  lignin  biosynthetic  pathway.  Before  plants  can  be  transformed,  a vector 
must  be  assembled  containing  the  components  necessary  for  strongly  expressing  the 
antisense  OMT  gene.  In  addition,  an  effective  selectable  marker  gene  must  be 
incorporated  to  facilitate  recovering  transgenic  plants.  The  components  for  antisense 
OMT  gene  expression  include  the  Ubi-1  promoter,  first  exon  and  first  intron  of  maize 
ubiquitin-1  gene  (Christensen  et  al.  1992),  a sorghum  antisense  OMT  gene  and  the 
nopaline  synthase  (nos)  terminator  (Jefferson,  1987).  The  components  needed  for 
selectable  gene  expression  are  the  cauliflower  mosaic  virus  35S  promoter  (CaMV  35S; 
Olszewski  et  al.,  1982),  bar  gene  (Thompson  et  al.,  1987),  and  nos  terminator.  This 
chapter  lists  the  vector  components,  their  sources  and  describes  how  these  components 
were  incorporated  into  a functional  unit. 

Materials  and  Methods 

The  plasmids  used  to  provide  the  necessary  components  for  the  final  vectors  are 
summarized  in  Table  3-1.  Dr.  Quail  (Plant  Gene  Expression  Center,  Albany,  CA),  kindly 
provided  pAHC17  and  pAHC20.  pBI121  was  purchased  from  Clontech  (Palo  Alto,  CA). 
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Table  3-1.  Plasmids  used  in  the  antisense  vector  construction. 


Plasmids 

Characteristics 

References 

pAHC17 

Maize  Ubi-1  promoter  in  pUC8 

Christensen  et  al.,  1992, 1996 

pAHC20 

Ubi -bar  in  pUC8 

Christensen  et  al.,  1992, 1996 

pBI121 

CaMV  35S-GUS  in  pUC8 

Clontech  catalog  1995 

pS3 

Sorghum  OMT  in  Bluescript 

Smith,  unpublished  data 
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The  construction  of  the  final  vectors  (see  Fig.  3-5)  included  three  steps.  (1)  The 
sorghum  OMT  full-length  cDNA,  995  bp  5 '-fragment,  or  605  bp  3 '-fragment  were  cloned 
in  the  antisense  direction  in  pAHC17  downstream  of  the  Ubi-1  promoter  in  the  BamHl 
site  (Fig.  3-1).  (2)  The  Ubi-1  promoter  in  pAHC20  was  replaced  with  the  CaMV  35S 
promoter  from  pBI121  to  drive  the  bar  gene  (Fig.  3-2).  (3)  The  OMT  antisense  gene  and 
the  bar  gene  expression  units  were  moved  to  the  same  plasmid.  All  the  cloning 
procedures  were  done  according  to  standard  protocols  (Sambrook  et  al.  1989).  The  details 
of  those  DNA  manipulations  are  described  below. 

Ubi-OMT  Antisense  Plasmids 

To  produce  the  antisense  constructs,  the  sorghum  OMT  cDNA  had  to  be  cloned  in 
a reverse  orientation  downstream  of  the  Ubi-1  promoter  (Fig.  3-1).  The  sorghum  OMT 
cDNA  full-length  (1600  bp),  5'-fragment  (995  bp)  and  3'-fragment  (605  bp)  were  cleaved 
by  £coRI-ApaI,  EcoRl- BamHl  and  BamHl-Apal,  gel-purified,  and  made  blunt  ends  by 
either  T4  DNA  polymerase  (EcoRl-Apal  and  BamHl-Apal  fragments)  or  Klenow 
fragment  {EcoRA-BamHl  fragment),  respectively.  pAHC17  was  linearized  by  BamHl  and 
filled  in  with  Klenow  polymerase  to  produce  blunt  ends.  The  OMT  cDNA  fragments 
were  ligated  into  the  blunt-ended  pAHC17  by  T4  DNA  ligase,  respectively.  The  antisense 
orientation  of  the  insert  was  determined  by  restriction  digestion.  After  determination  of 
the  antisense  orientation  by  restriction  digestion,  the  junction  regions  between  the  Ubi-1 
sequence  and  OMT  cDNA  antisense  of  the  three  constructs  were  further  confirmed  by 
DNA  sequencing.  A sequence  primer  in  the  Ubi-promoter  first  intron  region  was 
designed  using  Oligo  Primer  Analysis  Software  (National  Bioscience  Inc.,  MN).  The 
primer  contained  17  nucleotides:  5'-TTTTAGCCCTGCCTTCA-3'.  The  clones  were 
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Fig.  3-1.  Diagram  of  the  route  for  constructing  Ubi-OMT  full-length  antisense  construct. 
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Fig.  3-2.  Diagram  of  the  route  for  constructing  CaMV  35S -bar  plasmid. 
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sequenced  by  the  Sequence  Core  Lab  of  the  ICBR  (Interdisciplinary  Center  for 
Biotechnology  Research)  located  at  the  University  of  Florida. 

CaMV  35S -bar  Plasmid 

To  construct  the  CaMV  35S -bar  plasmid,  the  Ubi-1  DNA  sequence  in  pAHC20 
was  replaced  with  the  CaMV  35S  promoter  from  pBI121  (Fig.  3-2).  The  Hindlll-BamHl 
fragment  containing  the  Ubi-1  promoter,  first  exon  and  first  intron  was  removed  from 
pAHC20.  The  Hindlll-BamHl  fragment  containing  the  CaMV  35S  promoter  in  pBI121 
was  purified  from  the  gel  and  ligated  into  the  pAHC20  Hindlll-BamHl  site.  The  resultant 
plasmid  was  designated  CaMV  35S -bar. 

Ubi-OMT  Antisense/CaMV  35S -bar  Constructs 

The  unique  Hind  III  site  at  the  5'  end  of  the  Ubi-1  sequence  in  the  antisense 
constructs  was  used  to  insert  the  chimeric  CaMV  35S /bar  gene  (Fig.  3-3).  To  remove  the 
entire  bar  expression  cassette  from  the  CaMV  35S -bar  plasmid,  the  plasmid  was  first 
digested  with  fscoRI.  The  EcoKl  sites  were  filled  in  with  Klenow  and  ligated  with  Hindlll 
linkers  (5'CAAGCTTG3',  New  England  Labs).  Addition  of  the  linker  restored  the  EcoRl 
site.  After  linker  ligation,  the  DNA  was  cut  with  Hindlll  to  remove  excess  linkers  and  to 
cut  at  the  5'  end  of  the  cassette.  The  resulting  Hindlll  fragment  containing  the  bar 
expression  unit  was  gel-purified  and  subcloned  into  //mdlll-digested  Ubi-OMT  antisense 
constructs,  respectively  (Fig.  3-3). 

Results  and  Discussion 

Ubi-OMT  Antisense  Plasmids 

Different  regions  of  an  antisense  cDNA  may  have  different  effects  on  the  down- 
regulation  of  target  gene  expression  (De  Lange  et  al.  1995).  Sometimes  only  the 
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H/ndlll  linker, 
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Ligation,  transformation,  plasmid  DNA  extraction  and  digestion 
with  restriction  enzyme  to  determine  the  relative  orientation  of 
the  expression  units 


Fig.  3-3.  Procedure  for  constructing  CaMV  35S-6ar/Ubi-OMT  plasmid. 
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3'-  fragment  of  the  antisene  gene  has  inhibitory  effect  (Stam  et  al.,  1997).  To  avoid  such 
problems,  sorghum  OMT  cDNA  antisense  constructs  containing  the  full-length  cDNA 
(1600  bp),  the  995  bp  5'-fragment,  and  the  605  bp  3'-fragment  were  assembled.  The  Ubi-1 
promoter  of  maize,  isolated  from  maize  ubiquitin-1  gene,  contains  899  bp  of  promoter 
sequence,  83  bp  of  5'  untranslated  exon,  and  1010  bp  of  first  intron  sequence  (Christensen 
et  al.  1992).  It  is  a strong  monocot  promoter  and,  in  addition,  it  is  expressed  in  all  tissues 
and  is  stress  inducible  (Christensen  et  al.  1996).  These  features  are  very  useful  for  the 
purpose  of  down-regulating  endogenous  OMT  gene  expression.  The  three  OMT  antisense 
fragments  were  all  driven  by  the  maize  Ubi-1  promoter  and  terminated  by  the  nos 
terminator.  After  determination  of  the  antisense  orientation  by  restriction  digestion,  the 
junction  regions  between  the  Ubi-1  sequence  and  OMT  cDNA  antisense  of  three 
constructs  were  further  confirmed  by  DNA  sequencing.  The  partial  sequencing  results 
containing  the  ligation  regions  were  shown  in  Fig.  3-4. 

CaMV  35S -bar  Plasmid 

CaMV  35S -bar  plasmid  was  constructed  as  an  intermediate  plasmid  for  the  final 
vector  construction.  The  bar  gene,  cloned  from  Streptomyces  hygrocopicus  (Thompson  et 
al.,  1987),  has  often  been  used  as  a selectable  marker  in  dicot  and  monocot 
transformation  systems  (De  Block  et  al.,  1989;  Gordon-Kamm  et  al.,  1990;  Gallo- 
Meagher  and  Ivrine,  1996).  To  avoid  promoter  homology  that  may  induce  transgene 
silencing  (Meyer  1995),  a different  promoter  was  used  to  drive  the  bar  gene.  The  CaMV 
35S  promoter  is  weaker  than  Ubi-1  promoter  in  monocots  (Cornejo  et  al.,  1993;  Gallo- 
Meagher  and  Irvine,  1993)  but  has  been  successfully  used  to  drive  selectable  marker 
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Ubi-1 AGGATCCCCC  TCGAGTTTT Full  length  OMT  cDNA,  1600  bp 

Ubi-1 AGGATCGATC  CACTTCATGA 5’-  OMT  cDNA,  995  bp 

Ubi-1 AGGATCCCCC  TCGAGTTTT 3’-  OMT  cDNA,  605  bp 


Fig.  3-4.  Partial  sequencing  showing  the  conjunction  regions  of  Ubi-1  and  sorghum 
OMT  antisense  cDNA  in  three  different  constructs.  The  underlined  sequences  resulted 
from  Klenow  fill-in  of  BamYQ.  site  on  pAHCl  7. 
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genes  with  transgenic  plants  recovered  in  rice  and  maize  (Takano  et  al.,  1997;  Gordon- 
Kamm  et  al.,  1990;  Zhang  et  ah,  1996). 

Ubi-OMT  Antisense/35S-Aar  Plasmids 

The  OMT  antisense  gene  and  bar  gene  expression  units  were  cloned  on  the  same 
plasmid.  The  final  plasmids,  containing  the  two  expression  units  (Ubi-OMT  antisense- 
nos  and  CaMV  35S -bar-nos)  in  the  same  orientation  shown  in  Fig.  3-5,  were  used  for 
maize  transformation. 

Cloning  the  two  genes  on  the  same  plasmid  has  some  advantages.  Several  authors 
reported  cointegration  and  coexpression  ratios  of  two  transgenes  on  separate  plasmids  or 
on  the  same  plasmid  following  bombardment-mediated  transformation  (Klein  et  ah,  1987; 
Gordon-Kamm  et  ah,  1990;  Spencer  et  ah,  1992;  Register  III  et  ah,  1994).  Their  results 
indicated  that  coexpression  ratio  could  be  increased  by  cloning  the  two  genes  together. 
Moreover,  plants  with  PCR  positive  for  bar  or  herbicide  resistance  are  more  likely  to  carry 
the  OMT  antisense  gene  when  they  are  introduced  on  the  same  plasmid.  Hence  screening 
is  more  efficient.  This  set  of  constructs  can  also  be  used  for  comparison  studies  of  the 
most  effective  target  region  in  OMT  for  the  down-regulation  of  OMT  expression. 
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Fig.  3-5.  Schematic  representation  of  the  antisense  sorghum  OMT  vector  used 
for  maize  transformation.  Sorghum  antisense  OMT  can  be  the  full-length,  or 
5’,  or  3’  of  the  sorghum  OMT  cDNA.  The  arrows  on  the  inner  circle  indicate 
the  sources  of  each  component. 


CHAPTER  4 

MAIZE  TRANSFORMATION 


Introduction 

Maize  is  a major  cereal  crop  and  genetic  improvement  of  its  agronomic  traits  by 
genetic  engineering  is  important.  In  1999,  nearly  one  half  of  the  maize  grown  in  the  US 
was  transgenic  mostly  for  insect  and/or  herbicide  resistance  (Palevitz,  1999).  In  the  past 
decades,  the  major  efforts  were  focused  on  the  development  of  DNA  delivery  methods. 
A number  of  protocols  were  developed,  including  protoplast  transformation  (Fromm  et 
al.,  1986;  Hansen  et  al,,  1998),  electroporation  (Dekeyzer  et  al.,  1990;  D’Halluin  et  al., 
1992),  Agrobacterium- mediated  transformation  (Ishida  et  al,  1996),  biolistic  particle- 
mediated  (Gordon-Kamm  et  al.,  1990;  Walters  et  al.,  1992)  and  silicon  whisker-mediated 
(Kaeppler  et  al.,  1992;  Frame,  et  al.,  1994)  DNA  transfer  approaches.  However,  biolistic 
particle-mediated  DNA  transfer  has  been  the  most  commonly  reported  method.  In 
addition  to  herbicide,  virus  and  insect  resistance,  maize  has  also  been  used  as  a biofactory 
to  produce  the  first  commercial  recombinant  protein  'avidin'  in  transgenic  plants  (Hood  et 
al.,  1997).  Transgene  inheritance  and  expression  in  maize  have  also  been  studied 
extensively  (Fromm  et  al.,  1990;  Spencer  et  al.,  1992;  Walters  et  al.,  1992;  Register  III  et 
al.,  1994;  Zhang  et  al.,  1996). 

Tissue  culture  and  regeneration  are  critical  for  a transformation  system.  Maize 
immature  embryos,  immature  tassels,  young  leaves,  and  shoot  meristems  have  been 
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employed  as  explant  material  for  tissue  culture  (Armstrong  and  Green,  1985;  Rhodes  et 
al.,  1986;  Songstad  et  al.,  1992;  Ray  and  Ghosh,  1990;  Lowe  et  al.,  1995).  There  are  two 
types  of  embryogenic  callus,  type-I  callus  which  is  compact,  and  type-II  callus  which  is 
friable  and  undifferentiated  (Armstrong,  1994).  Type-II  callus  has  been  generally  chosen 
as  bombarded  material  although  type-I  and  type-II  callus  and  type-II  derived  suspension 
cells  all  have  been  successfully  transformed  by  direct  gene  transfer  methods.  Maize  is 
highly  genotype-dependent  for  type-II  callus  response  and  the  "Hi-II"  line  was  selected 
for  its  high  ratio  of  type-II  callus  induction  (Armstrong  et  al.,  1991).  We  chose  to  use 
"Hi-II"  as  our  model  transformation  system  because  of  its  efficient  regeneration. 

In  the  present  study,  the  caffeic  acid  O-methyltransferase  (OMT)  gene  was  selected 
as  the  antisense  target  to  modify  lignin  biosynthesis  because  OMT  is  an  important 
enzyme  in  the  lignin  biosynthetic  pathway.  An  OMT  cDNA,  isolated  from  sorghum,  was 
available  for  use.  Previously,  a homologous  or  heterologous  OMT  gene  was  transformed 
in  tobacco  and  poplar  tree  to  modify  lignin  components  or  content  (Ni  et  al.,  1994; 
Atanassova  et  al.,  1995;  Doorsselaere  et  al.,  1995).  To  our  knowledge,  there  is  no  report 
on  monocot  transformation  using  the  OMT  antisense  gene.  This  chapter  reports  the 
successful  introduction  of  heterologous  sorghum  OMT  antisense  and  bar  genes  into 
maize  "Hi-II"  (Armstrong  et  al.,  1991)  using  the  biolistic-mediated  method. 

Materials  and  Methods 
Plant  Material  for  Callus  Initiation 

Maize  seeds  of  inbred  lines  "A"  and  "B"  were  obtained  from  Dr.  Marty  Sachs, 
director  of  Maize  Genetics  Cooperation  Stock  Center  (University  of  Illinois  at  Urbana- 
Champaign,  S-123  Turner  Hall,  1102  South  Goodwin  Ave.,  Urbana  IL  61801-4798).  The 
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"A"  line  seeds  and  "B"  line  seeds  were  planted  in  the  greenhouse  or  field,  and  crossed  to 
obtain  hybrid  "Hi-II"  seeds  (Armstrong  et  al.,  1991).  The  plants  produced  from  these 
seeds  were  much  stronger  plants  than  the  inbred  parental  lines,  and  produced  high 
frequency  of  embryogenic  type-II  callus. 

Callus  Initiation 

Callus  was  initiated  from  both  immature  embryos  and  immature  tassels  of 
greenhouse  grown  Hi-II  plants.  For  immature  embryo  isolation,  ears  were  removed  from 
the  plants  9-11  days  after  pollination  and  surface  sterilized  in  10%  Clorox  plus  0.1% 
Tween  20  for  20  to  30  min.  Immature  embryos  were  isolated  using  a spatula  and  forceps 
under  a dissecting  microscope.  The  embryos  1. 0-2.0  mm  in  length  were  selected  and 
placed  onto  the  initiation  medium  (Table  4-1)  with  the  embryo  axis  side  down 
(Armstrong,  1994).  Immature  tassels  were  isolated  essentially  as  described  by  Songstad  et 
al.  (1992).  Tassels  from  Hi-II  plants  were  harvested  4-6  weeks  after  planting  in  the 
greenhouse.  After  the  outer  leaves  were  removed,  the  inner  leaves  were  taken  off 
aseptically  in  a sterile  hood.  Immature  tassels  less  than  4 cm  were  removed,  pooled  and 
cut  into  1.0- 1.5  mm  segments.  These  segments  were  cultured  on  the  initiation  medium 
(see  Table  4-1)  and  after  two  weeks  of  incubation,  the  fragments  were  transferred  to  fresh 
initiation  medium.  Once  the  type-II  callus  was  formed  (Fig.  4-1),  it  was  transferred  to  the 
maintenance  medium  (see  Table  4-1).  Cultures  for  callus  initiation  and  maintenance  were 
conducted  in  the  dark  at  28°C.  Type-II  callus  was  selected  and  transferred  to  fresh 
maintenance  medium  every  14  days. 
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Table  4-1.  Summary  of  media  used  in  maize  tissue  culture  (all  chemicals 
obtained  from  Sigma  Co.) 


Media 

Components  and  Concentrations 

Reference 

Callus  Initiation 
Medium 

N6  salts,  L-proline  2.88  g/L,  Eriksson's 
vitamins,  thiamine  HC1  0.5  mg/L, 
casamino  acids  100  mg/L,  2,4-D  1.0 
mg/L,  sucrose  2%,  silver  nitrate  10  pM 

Songstad 
etal.,  1992 

Callus  Maintenance 
Medium 

The  same  as  initiation  medium,  except 
2,4-D  2.0  mg/L  and  without  AgN03 

Armstrong 
et  al.,  1994 

Selection  Medium 

The  same  as  maintenance  medium 
except  without  adding  proline  and 
casamino  acids.  Filter  sterilized 
glufosinate  was  added  to  a final 
concentration  of  3 mg/L  after 
autoclaving. 

Dennehey 
et  al.,  1994 

Osmotic  Medium 

Maintenance  medium  plus  0.4  M 
sorbitol. 

Vain  et  al., 
1996 

R1 

MS  salts,  nicotinic  acid  1 .3  mg/L, 
pyridoxine  HC1  0.25  mg/L,  thiamine 
HC1  0.25  mg/L,  Ca-pantothenate  0.25 
mg/L,  myo-inositol  100  mg/L, 
asparagine  1 mM,  2,4-D  0.1  mg/L,  ABA 
0.1  pM,  sucrose  2%,  phytagel  0.2% 

Regeneration 

Medium 

R2 

N6  salts,  nicotinic  acid  0.5  mg/L, 
pyridoxine  HC1  0.  5 mg/L,  glycine  2.0 
mg/L,  sucrose  6%,  phytagel  0.2% 

Armstrong 
et  al.,  1994 

R3 

MS  salts,  nicotinic  acid  1 .3  mg/L, 
pyridoxine  HC1  0.25  mg/L,  thiamine 
HC1  0.25  mg/L,  myo-inositol  100 
mg/L,  asparagine  ImM,  sucrose  2%, 
phytagel  0.2% 
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Fig.  4-1.  Embryogenic  type-II  callus  initiated  from  immature  tassels. 
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Bombardment 

The  plasmids  used  were  \lbi-barf\Jb\-gus  (pAHC25),  Ubi-gMS  (pAHC27) 
(Christensen  and  Quail  1996;  provided  by  P.  H.  Quail,  Plant  Gene  Expression  Center, 
Albany  CA),  and  the  three  antisense  vectors.  DNA  of  these  plasmids  was  purified  using 
the  Qiagen  kit  (Qiagen  Inc.,  Valencia,  CA).  Ubi-gws  was  used  for  optimization  of 
bombardment  conditions  via  transient  expression  of  GUS.  Ubi-bar/Ubi-gus  was 
bombarded  alone  as  a positive  control  for  later  screening  of  stable  transformation.  For 
the  antisense  vector  bombardment,  cotransformation  was  performed  using  1 : 1 molar  ratio 
of  each  of  the  antisense  vectors  in  combination  with  pAHC27  (Ubi-gws),  pAHC27 
facilitating  analysis  of  bombardment  efficiency.  DNA  of  the  above  plasmids  was 
precipitated  onto  1.0  pm  gold  particles  (Bio-Rad  Laboratories,  Richmond,  CA)  using  a 
protocol  described  by  Daines  (1990).  The  precipitation  mixture  contained  2.1  mg  of  gold, 
25  pi  of  plasmid  DNA  (1  pg/pl),  220  pi  of  sterile  water,  250  pi  of  2.5  M CaCl2,  and  50  pi 
of  0. 1 M spermidine.  After  adding  the  components  in  the  above  order,  the  mixture  was 
vortexed  at  4°C  for  at  least  10  min  and  centrifuged  for  5 min.  The  supernatant  was 
removed  and  the  DNA/gold  precipitate  was  resuspended  in  600  pi  of  absolute  ethanol. 
The  ethanol  was  removed  after  centrifuging  for  1 min  and  the  pellet  was  resuspended  in 
36  pi  of  absolute  ethanol  by  pipetting  up  and  down.  About  4-10  pi  of  the  suspension  was 
pipetted  onto  a macrocarrier  for  bombardment. 

DNA  concentration,  helium  pressure,  osmotic  treatment  of  bombarded  tisssue  and 
numbers  of  shots  per  tissue  sample  were  important  factors  affecting  stable  transformation, 
and  they  were  optimized  after  evaluation  with  transient  GUS  assays  using  Ubi-gw.v  (see 
Fig.  4-2). 
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Fig.  4-2.  GUS  histochemical  assay  24  hr  after  bombardment. 

A.  Non-osmotic  treatment,  using  6 pg  DNA,  650  psi,  one  shot 

B.  Non-osmotic  treatment,  6 pg  DNA/shot,  650  psi,  two  shots. 

C.  Osmotic  treatment,  6 pg  DNA/shot,  650  psi,  two  shots. 

D.  Osmotic  treatment,  10  pg  DNA/shot,  1300  psi,  two  shots. 
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The  optimized  bombardment  conditions  were:  650  psi,  8-10  pg  DNA  per  shot,  one 
or  two  shots  per  plate,  osmotic  treatment  (see  Table  4-1)  of  callus  4 hr  pre-bombardment 
and  16  hr  post-bombardment.  A Petri  dish  containing  callus  (ca  1. 5-2.0  cm  in  diameter) 
was  placed  in  the  Biolistic  PDS- 1000/He  device  (Bio-Rad)  on  the  third  shelf  (from  the 
bottom). 

T ransformant  Selection 

Bialaphos,  glufosinate  and  Ignite®  all  can  be  used  for  the  selection  of  bar  gene 
transformants  (Dennehey  et  al.,  1994),  because  they  have  phosphinothricin  (PPT)  as  the 
active  component.  However,  bialaphos  and  glufosinate  are  not  commercially  available. 
Since  selection  is  crucial  for  a transformation  system  and  there  is  a large  variation  in  the 
reported  concentration  of  selection  agent  used,  kill  curves  were  made  for  the  different 
selection  agents  to  determine  the  proper  concentration  to  use.  Bialaphos,  glufosinate  and 
Ignite®  at  the  rate  of  1.0  mg/1,  3.0  mg/1  and  5.0  mg/1  in  the  maintenance  medium  without 
proline  and  casamino  acids  (Dennehey,  1994)  were  used  to  compare  the  efficiency  of 
selection.  Two  replicates  (each  containing  ca  400  mg  type-II  callus)  were  used  at  each 
treatment.  After  two  weeks,  callus  from  each  plate  was  weighed  and  ca  400  mg  callus 
was  transferred  to  the  fresh  medium.  The  callus  growth  rate  on  each  treatment  was 
calculated  by  the  equation:  (final  weight-initial  weight)/initial  weight  (Dennehey,  et  al., 
1994).  The  final  growth  rate  was  calculated  as  a percentage  of  a treatment's  growth  rate 
compared  to  the  control  (defined  as  100%  growth).  After  six  weeks  of  selection,  the 
callus  growth  rate  at  1 mg/1  of  bialaphos,  glufosinate,  or  Ignite®  was  15.8%,  16.2%,  and 
18.7%;  while  at  3 mg/1,  the  growth  rate  was  2.5%,  3.3%,  and  6.3%;  at  5 mg/1,  the  growth 
rate  was  1.5%,  2.5%,  and  4.25%,  respectively.  A significant  difference  was  observed 
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between  1 mg/1  and  3 mg/1  of  each  selective  agent  (p=0.033),  but  there  was  no  significant 
difference  between  3 mg/1  and  5 mg/1  (p=0.21).  Based  on  the  kill  curve  results  and 
reported  data  (Zhang  et  al.,  1996;  Zhong,  et  al.,  1996),  3 mg/1  of  glufosinate  was  used  for 
the  selection  of  transformed  callus. 

After  bombardment,  callus  remained  on  the  osmotic  medium  used  in  the  pre- 
bombardment treatment  for  16  hr,  transferred  to  the  maintenance  medium  for  2-6  days 
(until  callus  growth  resumed),  and  then  transferred  to  the  selection  medium  (see  Table 
4-1).  Callus  was  subcultured  every  14  days.  After  6-8  weeks  of  selection,  resistant  callus 
could  be  distinguished. 

Regeneration  of  Transformed  Callus 

Various  protocols  for  maize  regeneration  were  described  in  the  literature.  The 
three-step  protocol  described  by  Armstrong  (1994)  was  chosen  based  on  the  tests  of  the 
four  regeneration  protocols  (Armstrong  and  Green  1985;  Shillito  et  al.,  1989;  Armstrong 
1994;  Tomes  et  al.,  1995)  in  the  present  study.  The  recipes  for  the  three  regeneration 
media  are  listed  in  Table  4-1. 

The  transformed  callus  was  regenerated  in  the  presence  of  glufosinate.  To  reduce 
the  number  of  escapes,  glufosinate  concentration  was  increased  through  the  3 stages  from 
4 mg/1  to  6 mg/1.  Resistant  callus  pieces  were  broken  into  small  pieces  (<  2 mm)  and 
transferred  to  the  R1  medium  containing  4 mg/1  of  glufosinate.  After  2 weeks  of 
incubation  in  the  dark  at  28°C,  the  callus  was  transferred  to  the  R2  medium  and  grown  in 
the  dark  for  another  2 weeks  at  28°C.  The  first  two  subcultures  stimulated  maturation  of 
the  type-II  callus.  The  callus  was  then  transferred  to  R3  medium  containing  5 mg/1  of 
glufosinate  and  moved  to  a lighted  growth  chamber  (16  hr  light  : 8 hr  dark)  at  25°C  for 
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shoot  development.  After  about  2 weeks,  the  shoots  were  transferred  into  Magenta 
vessels  (Sigma)  containing  R3  medium  and  6 mg/1  of  glufosinate  to  induce  roots.  After 
approximately  2—3  weeks,  the  plantlets  with  good  root  systems  were  carefully  washed 
with  tap  water  to  remove  the  medium  residue  and  planted  in  autoclaved,  well-watered 
Metromix-220  (Scotts-Sierra  Horticultural  Products  Company,  OH)  in  4-inch  pots.  For 
the  first  2 days  after  transfer,  the  plantlets  were  kept  in  a high  humidity  environment  for 
hardening,  then  the  humidity  was  gradually  reduced.  After  7-10  days,  plantlets  were 
moved  to  the  greenhouse.  Plants  were  covered  with  two  layers  of  cheesecloth  to  avoid 
direct  sunshine  for  2-3  days  and  then  treated  normally  as  for  seed-germinated  plants. 
When  plants  reached  a 6-leaf  stage,  they  were  transferred  to  bigger  pots  containing  soil 
and  Metromix-  220  (2:1).  Plants  were  fertilized  with  Peter's  20-20-20  (Division  of  United 
Industries  Corp.,  MO)  weekly  and  sprayed  regularly  with  Avid  (Merck  & Co.,  Inc.  NJ) 
and/or  Malathione  (Chevron  Chemical  Company,  IL)  according  to  the  manufacturer's 
directions  for  the  control  of  mites  and  insects. 

Producing  the  Progeny  of  Primary  Transgenic  Plants 

Primary  transgenic  plants  were  either  selfed  or  crossed  with  non-transformed 
regenerated  plants  to  produce  seed.  Because  male  flowering  and  silking  were  not  always 
synchronous,  pollen  were  collected,  dried  for  ca  2 hr  at  room  temperature,  and  stored  at 
-70°C.  When  silks  appeared,  they  were  pollinated  with  the  stored  frozen  pollen. 

PCR  Analysis 

Genomic  DNA  was  extracted  using  a scaled-down  procedure  of  Dellaporta 
(Dellaporta  et  al.,  1983).  This  method  uses  SDS  and  potassium  acetate  to  precipitate  the 
impurities.  Ten  to  twenty  mg  of  young  leaf  tissue  was  homogenized  in  an  eppendorf  tube 
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with  a disposable  pellet  pestle  (Fisher  Scientific)  in  the  presence  of  extraction  buffer 
(Tris-HCl  100  mM,  EDTA  50  mM,  NaCl  500  mM,  pH  8.0,  p-mercaptolethanol  10  mM). 
Remaining  steps  were  the  same  as  Dellaporta's  method  except  that  all  solutions  used  were 
scaled  down  1/50. 

PCR  primers  specific  for  the  bar  gene  (sequence  obtained  from  GenBank)  were 
designed  using  Oligo  Primer  Analysis  Software  (National  Bioscience  Inc.,  MN).  The 
forward  and  reverse  primers  were  5'-GGCGGTCTGCACCATCGT-3’  and  5'- 
GCCAGTTCCCGTGCTTGA-3',  respectively.  The  resulting  amplified  fragment  was  419 
bp  in  length. 

PCR  conditions  were  as  follows:  10  x PCR  buffer  (Promega)  2.5  pi,  MgCf  (50 
mM)  1.0  pi,  dNTP  (10  mM)  1.0  pi,  bar  primers  (2.5  mM)  0.2  pi,  Taq  polymerase  (5  u/pl) 
0.2  pi,  DNA  0. 5-1.0  pg,  ddHiO  to  a total  volume  of  25  pi.  PCR  was  performed  as  (1) 
initially  2 min  at  94°C,  (2)  35-40  cycles  for  30  sec  at  94°C,  1 min  at  55°C,  and  1 min  30 
sec  at  72°C,  (3)  finally  5 min  at  72°C.  After  amplification,  the  samples  were  loaded  on 
1.5  % agarose  gel  and  the  result  was  visualized  by  ethidium  bromide  staining  after 
electrophoresis. 

Southern  Blot  Analysis 

Genomic  DNA  was  extracted  from  1 g sample  of  leaf  tissue  using  the  Dellaporta 
protocol  with  some  modification.  After  isopropanol  precipitation,  the  pellet  was 
resuspended  in  700  pi  of  TE  buffer  (50  mM  Tris-HCl,  10  mM  EDTA,  pH  8.0).  Ten 
microliters  RNase  (10  mg/ml)  were  added  and  incubated  at  37°C  for  30  min.  The 
samples  were  first  extracted  with  equal  volumes  of  phenol:  chloroform  (1:1)  and  then 
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chloroform:  isoamyl  alcohol  (24:1).  The  supernatant  was  removed  and  DNA  precipitated 
by  adding  70  pi  of  7.5  M NH4AC  and  700  pi  of  absolute  alcohol. 

Ten  micrograms  of  genomic  DNA  was  digested  with  HindlU  or  TcoRI  restriction 
enzyme  and  separated  on  a 0.8%  agarose  gel.  For  copy  number  determination,  a 1C  value 
(haploid  DNA  content  of  maize)  of  2.75  pg  was  used  (Arumuganathan  and  Earle  1991). 
The  plasmid  DNA  was  digested  with  the  same  restriction  enzymes  used  for  genomic 
DNA  digestion  and  diluted  to  the  required  copy  concentration.  After  DNA  was 
transferred  to  H-bond  N (Amersham)  membrane  by  capillary  blotting  procedure 
(Southern,  1975),  the  membrane  blot  was  UV-crosslinked  with  a Foto  UY  300  DNA 
Transilluminator  (Fotodyne  Inc.,  New  Berlin,  WI)  for  3 min. 

DNA  probe  of  bar  or  OMT  gene  labeled  with  [32P]  dCTP  was  synthesized  using 
Prime-A-Gene  kit  (Promega  Co.,  Madison,  WI)  and  the  probe  was  purified  with  a 
Sephadex  G-50  chromatography  column  (Sambrook,  1989).  The  blot  was  prehybridized 
in  a solution  containing  7%  SDS,  0.5  M NaH2P04,  1%  BSA  and  100  pg/ml  fragmented 
salmon  sperm  DNA  for  4 hr  at  65°C.  Hybridization  was  carried  out  overnight  in  the 
same  solution  plus  radiolabeled  DNA  probe  at  65°C.  The  washing  conditions  were 
2xSSC  [20  x SSC  stock  (g/1):  NaCl  175.3  g,  Na-citrate  88.2  g,  pH  7.0],  0.1%  SDS  10 
min,  65°C,  two  times;  O.lxSSC,  0.1%  SDS,  65°C,  15  min,  two  times.  The  membrane 
was  exposed  to  X-ray  film  with  intensifying  screens  at  -70°C  for  2—5  days. 

Northern  Blot  Analysis 

Total  RNA  was  isolated  using  Trizol  reagent  (GIBCO,  BRL)  according  to  the 
manufacturer's  instruction.  Ten  micrograms  of  total  RNA  were  size-fractionated  on  1% 
agarose  fomaldehyde  gels  and  transferred  to  H-bond  N membrane  (Amersham).  DNA 
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probe  ( bar  or  OMT  gene  coding  region)  synthesis  and  hybridization  were  performed 
using  the  same  conditions  as  Southern  blot  analysis  described  above. 

GUS  Histochemical  Staining 

To  ensure  the  bombardment  conditions  were  working  well,  the  bombarded  callus 
was  tested  for  GUS  transient  expression  through  staining  with  5-bromo-4-chloro-3- 
indolyl  glucuronide  (X-Gluc)  as  described  by  Jefferson  (1987).  Callus  pieces  were 
incubated  with  the  reagent  containing  X-Gluc  overnight  at  37°C  in  the  dark. 

Leaf  Painting  Assay 

Regenerated  plants  and  their  progeny  were  screened  for  herbicide  resistance  by 
painting  a 2-cm  segment  of  the  young  and  healthy  leaf  with  1%  Ignite®  (containing  200 
g/1  of  glufosinate).  Results  were  scored  after  5-7  days. 

Results 

Bombardment,  Selection  and  Regeneration  of  Putative  Transgenic  Plants 

A total  of  54  plates  with  type-II  callus  covering  the  target  area  were  bombarded 
using  the  standard  bombardment  conditions  (see  Table  4-2).  Four  plates  were  shot  using 
pAHC25  (Ubi-gusfUbx-bar)  to  produce  some  positive  control  plants  for  both  gus  and  bar 
genes  to  facilitate  screening.  The  remaining  50  plates  were  cobombarded  with  each  of 
the  antisense  vectors  in  combination  with  pAHC27  (Ubi-gws).  Several  pieces  of  callus 
from  plates  after  bombardment  were  tested  for  GUS  expression.  Remaining  bombarded 
calli  were  then  transferred  to  the  selection  medium  after  2-6  days  of  recovery.  After  6-8 
weeks  of  selection,  a total  of  68  glufosinate-resistant  embryogenic  callus  pieces  were 
obtained.  Fig.  4-3A  shows  one  of  the  resistant  callus  pieces.  Generally,  the  resistant 
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Table  4-2.  Summary  of  the  bombarded  plasmids  and  the  test  results  (PCR  and  herbicide 
resistance)  for  the  regenerated  plants  conducted  in  the  transformation  experiments. 


Experiment 

Plasmid  DNA 
bombarded 

No.  of 
plates 

No.  of 
resistant 
callus 

Plants 

No.  of  plants 
regenerated 

No.  of  PCR 
positive 
for  bar 

No.  of 
herbicide 
resistant 

1 

pAHC25 

4 

2 

12 

12/12 

12/12 

2 

Full-Length 
Antisense 
OMT  & 
PAHC27 

25 

18 

247 

125/152 

130/221 

3 

5'-  Antisense 
OMT  & 
PAHC27 

12 

23 

70 

37/40 

43/70 

4 

3'-Antisense 
OMT  & 
PAHC27 

13 

25 

50 

Not 

determined 

9/50 
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Fig.  4-3.  Procedure  of  obtaining  transgenic  maize  plants.  (A)  A resistant  callus 
showing  up  after  6 week  of  glufosinate  selection;  (B)  Resistant  calli  on  the  shooting 
medium  (4  mg/L  glufosinate);  (C)  Untransformed  control  calli  on  the  same  shooting 
medium  as  in  (B);  (D)  Plantlets  on  the  rooting  medium  in  the  Magenta  box; 

(E)  Greenhouse  grown  transgenic  maize  after  pollination. 
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callus  was  fast  growing  while  the  non-transformed  callus  became  yellow  or  brown  and 
watery. 

Resistant  callus  was  transferred  to  the  regeneration  medium  containing  glufosinate. 
When  shoots  developed  (Fig.  4-3B),  they  were  transferred  into  Magenta  vessels 
containing  R3  medium  and  6 mg/1  of  glufosinate  to  produce  roots  (Fig.  4-3D).  Plantlets 
were  transferred  to  pots  containing  Metromix-220  when  they  had  a good  root  system. 
After  a hardening  stage,  they  were  moved  to  the  greenhouse.  A total  of  376  plants  were 
obtained  through  this  process  (Fig.  4-3E). 

Analysis  of  Primary  Transgenic  Plants 
PCR  analysis 

PCR  amplification  of  bar  gene  sequences  was  used  to  initially  screen  transgenic 
plants.  Two  hundred  and  four  plants  regenerated  in  the  presence  of  glufosinate  were 
tested  by  PCR  (see  Table  4-2).  About  85%  of  these  plants  were  PCR  positive.  Fig.  4-4 
shows  representative  PCR  results. 

Herbicide  resistance  test 

Regenerated  plants  were  tested  for  herbicide  resistance  to  confirm  that  they  were 
transgenic  plants.  Since  the  bar  confers  resistance  to  glufosinate,  if  it  was  expressed  in 
the  transgenic  plants,  the  plants  would  resist  glufosinate  damage.  One  percent  Ignite® 
(containing  200  g/1  of  glufosinate)  was  painted  on  a 2-cm  leaf  segment  with  a cotton 
swab.  After  5-7  days,  leaves  of  transgenic  plants  remained  green  while  leaves  of  control 
plants  became  yellow  and  died  (Fig.  4-5).  About  55%  of  the  350  tested  plants  were 
herbicide  resistant  (see  Table  4-2),  however,  some  of  the  PCR  positive  plants  (5%  among 
the  PCR-tested  plants)  were  not  resistant  to  the  herbicide.  This  might  be  due  to 
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Fig.  4-4.  PCR  analysis  of  the  regenerated  plants  in  the  presence  of  glufosinate. 
Arrows  indicate  the  expected  amplified  fragments  (418  bp)  using  bar  gene 
primers.  M:  DNA  <t>xl74  marker(//<3(?III);  P:  Plasmid  DNA  as  positive  control; 
C:  Non-transformed  plant  control.  Each  lane  represented  a different  plant 
sample. 
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Fig.  4-5.  Leaf-painting  assay.  Regenerated  plants  were  screened  for  glufosinate 
resistance  by  painting  2-cm  sections  of  the  leaf  with  1%  Ignite.  After  one  week 
of  herbicide  application,  transgenic  plants  showed  no  response  while  control 
and  non-transformed  plant  leaves  died.  Leaf  segments  were  cut  from  the  plants 
for  photograghy. 
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transgene  silencing,  DNA  rearrangement  resulting  in  no  gene  function,  or  a low  level  of 
bar  expression  so  that  the  transgenic  plants  would  not  resist  the  level  of  the  herbicide 
tested. 

Southern  blot  analysis 

Transformation  of  maize  was  further  confirmed  by  Southern  blot  analysis.  Total 
genomic  DNA  was  isolated  from  herbicide-resistant  plants  regenerated  from 
independently  bombarded  callus.  The  DNA  was  digested  with  Hindlll,  which  released 
the  entire  expression  cassette  of  bar  gene  (CaMV  35S -bar-nos)  as  a 1.7  kb  fragment. 
After  hybridization  with  the  bar  gene  coding  sequence,  positive  bands  for  the  bar  gene 
were  observed  in  all  the  transgenic  plants  (Fig.  4-6).  The  hybridization  pattern  was 
different  from  sample  to  sample,  which  indicated  these  samples  were  from  independent 
transformation  events.  Some  of  the  samples  contained  both  the  1.7  kb  expression  unit 
and  higher  molecular  weight  bands,  while  the  other  samples  contained  only  larger 
fragments  or  the  1.7  kb  fragment.  The  presence  of  extra  bands  other  than  the  1.7  kb 
fragment  suggested  the  rearrangement  of  the  transgene.  The  copy  number  of  the  bar  gene 
(intact  and  rearranged)  varied  from  1 to  more  than  20  copies  as  compared  with  the 
banding  intensity  of  the  1 and  5-copy  of  the  plasmid  reconstructions. 

Production  of  Progeny  of  the  Primary  Transgenic  Plants 

Among  the  376  regenerated  plants,  29  plants  died  within  several  days  after  they 
were  moved  to  the  greenhouse,  and  less  than  10  plants,  showing  abnormal  phenotype 
such  as  rosette  and  dwarf,  did  not  reach  maturity.  The  remaining  plants  were  normal  and 
were  tested  for  herbicide  resistance.  Only  those  plants  showing  herbicide  resistance,  PCR 
positive  for  bar,  or  the  brown  midrib  phenotype  were  kept  to  maturity.  When  these  plants 
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Fig.  4-6.  Southern  blot  analysis  of  primary  transgenic  plants.  Genomic  DNA  (10 
pg)  was  digested  with  Hindlll  to  release  the  1.7  kb  fragment  (arrow  position)  of 
the  bar  gene  expression  unit  and  hybridized  with  the  bar  gene  probe.  Lanes  1 to  4 
represent  different  transgenic  plant  samples,  labeled  by  plant  ID  number.  Plasmid 
DNA  was  also  digested  with  Hindlll,  diluted  to  represent  1 and  5 copies  of  the  bar 
gene  and  mixed  with  the  digested  genomic  DNA  from  the  untransformed  plant. 
X-DNA  (Hindlll/ EcoRl)  was  used  as  DNA  size  marker.  Bm  designations  indicate 
the  plants  with  brown  midrib  phenotype. 
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Table  4-3.  Summarized  data  for  the  regenerated  potentially  transgenic  plants 
and  their  progeny. 


Regenerated 

Plants 

No.  of  plants 
died  naturally 
after  move  to 
greenhouse 

No.  of  plants 
reaching 
maturity  * 

No.  of  plants 
producing  kernels 

No.  of  seeds 
per  ear 

376 

29 

215 

198 

1 - 3 to  more 
than  100 

* Only  the  PCR  positive,  or  herbicide  resistant,  or  brown  midrib  plants  were  kept  to 
maturity. 
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reached  maturity,  they  were  either  selfed  or  cross-pollinated  (as  male  or  female  parent) 
with  non-transformed  control  plants.  Most  of  the  transgenic  plants  were  fertile  and  had 
set  seeds  (see  Table  4-3),  with  seed  numbers  varying  from  1-3  (5  plants)  to  more  than  100 
per  ear.  Only  plants  regenerated  from  one  independent  callus  line  did  not  have  seed  set  at 
all.  Southern  blot  analysis  of  those  plants  indicated  that  the  genomic  DNA  contained 
smearing  bands  of  bar  gene  (data  not  shown). 

Analysis  of  the  Progeny  of  Primary  Transgenic  Plants 
Herbicide  test 

Five  seeds  from  each  of  the  40  transgenic  plants  were  planted  and  herbicide 
resistance  of  the  seedlings  was  determined  by  painting  leaves  with  1%  Ignite.  Among  the 
200  plants  tested,  72.8%  showed  resistance.  The  negative  plants  probably  resulted  from 
genetic  segregation  of  bar  gene,  as  one  would  expect  in  progeny  of  a self-fertilized, 
hemizygous  parent. 

Southern  blot  analysis  of  the  progeny 

Southern  blot  analysis  of  genomic  DNA  extracted  from  progeny  of  the  transgenics 
was  performed  to  investigate  the  transgene  integration  patterns  and  transgene  copy 
number.  For  the  bar  gene  investigation,  genomic  DNA  was  digested  with  HindlW,  which 
released  a 1.7  kb  (CaMV  35S -bar-nos)  fragment  of  bar  gene  expression  cassette.  After 
electrophoresis  in  agarose  and  transfer  to  nylon  membrane,  hybridization  was  carried  out 
using  bar  coding  region  as  a probe.  All  herbicide-resistant  plants  contained  bands  (Fig. 
4-7A  and  B lanes  4-6),  whereas  some  of  the  nonresistant  progeny  (bmlO-2,  bm4-3,  and 
bm8-3)  did  not  show  a hybridization  signal  (Fig.  4-7B  lanes  1-3).  This  suggested 
segregation  of  the  bar  gene.  However,  plant  bml7-2  showed  a hybridization  band  similar 
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Fig.  4-7.  Southern  blot  analysis  of  the  progeny  of  transgenic  plants.  Genomic  DNA 
(10  |ig)  was  digested  with  HindUl  to  release  the  1.7  kb  fragment  (arrow  position)  of 
the  bar  gene  expression  cassette  and  hybridized  with  the  bar  gene  probe.  Plasmid 
DNA  was  also  digested  with  Hind III,  diluted  to  represent  1 copy  and  5 copy  of  the  bar 
gene  and  mixed  with  the  digested  genomic  DNA  from  the  non-transformed  plant.  X- 
DNA  (///mini)  and  4>X  1 74  DNA  (Hae\\\)  were  used  as  size  markers.  BmlO-2,  bm8-3, 
and  bm4-3  were  sensitive  to  herbicide  and  showed  no  hybridization  signal.  Bm 
designations  indicate  the  parent  had  brown  midrib  phenotype. 
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to  that  of  other  siblings  but  was  sensitive  to  the  herbicide  (compare  Fig.  4-7  A lanes  6-8 
with  B lane  6),  which  may  suggest  the  bar  gene  was  silenced.  Samples  from  two 
independent  transgenic  plants  lacked  the  1.7  kb  expression  unit  and  only  contained  larger 
hybridization  fragments  (see  Fig.  4-7A  lanes  6-8  and  B lane  4).  However,  these  plants 
were  herbicide  resistant,  and  therefore  still  had  a functional  bar  gene.  The  bar  gene  copy 
number  of  these  transgenic  plants  varied  from  1 (e.g.  family  bml7)  to  more  than  20 
copies  (e.g.  family  bm8)  compared  with  the  plasmid  1 copy  and  5 copy  reconstructions. 
In  one  transformation  event,  the  hybridization  profile  suggested  two  integration  loci  of 
the  transgene  as  revealed  by  the  segregation  of  the  bands  in  bm8-6  compared  to  the  other 
four  siblings  (compare  Fig.  4-7A  lanes  1-4  with  A lane  5).  The  above  results  indicated 
the  bar  gene  was  stably  transmitted  to  the  progeny. 

To  determine  the  integration  of  the  antisense  OMT  gene  in  the  genome  of 
transgenic  plants,  Southern  blot  analysis  was  done  with  some  of  the  herbicide-resistant 
progeny  samples.  Genomic  DNA  was  digested  with  £coRI  to  release  a 2.5  kb  (from  the 
full-length  OMT  antisense  vector)  or  a 1.9  kb  (from  the  5'-  OMT  antisense  vector) 
fragment.  These  fragments  did  not  contain  the  entire  expression  unit  (Ubi-OMT 
antisense-Hos)  but  did  contain  the  sorghum  OMT  antisense  region,  ca  600  bp  of  the  Ubi-1 
promoter  sequence  and  the  nos  terminator.  The  maize  endogenous  OMT  was  expected  as 
a single  band  of  5.4  kb  (Colloza,  1992).  Hybridization  was  performed  using  the  sorghum 
OMT  gene  probe  under  high  stringency  conditions.  Interestingly,  the  hybridization 
results  (Fig.  4-8  lanes  16-17)  showed  that  the  maize  Hi-II  control  plants  had  three 
hybridization  bands  (ca  9.4  kb,  6.5  kb,  and  4.4  kb,  respectively)  rather  than  a single  band. 
This  might  indicate  polymorphism  for  the  OMT  gene  in  maize.  As  indicated  in  Fig.  4-8, 
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Fig.  4-8.  Southern  blot  analysis  of  the  progeny  of  the  transgenic  plants. 

Genomic  DNA  (10  pg)  was  digested  with  EcoKL  to  release  the  2.5  kb  or  1.9  kb 
fragment  of  the  partial  sorghum  OMT  antisense  expression  cassette  (full-length 
or  5 ’-fragment  of  sorghum  cDNA)  and  hybridized  with  sorghum  OMT  cDNA 
probe.  The  partial  sorghum  OMT  antisense  expression  cassette  includes  part  of 
the  Ubi-1  promoter  1st  intron  region  (ca  600  bp),  antisense  sorghum  OMT  (full- 
length  or  5’ -fragment  of  the  sorghum  OMT  cDNA),  and  nos  terminator.  A.-DNA 
(///mill I ) and  <t>Xl74  (Haelll)  were  used  as  DNA  size  marker.  Bm  designations 
indicate  the  parent  had  brown  midrib  phenotype. 
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most  of  the  herbicide-resistant  plants  contained  sequence  that  hybridized  to  OMT  but 
differed  from  the  control;  some  contained  the  2.5  kb  or  1 .9  kb  fragment  as  well  as  bigger 
fragments.  The  copy  number  of  the  2.5  kb  or  1.9  kb  fragment  was  1 to  more  than  5.  The 
hybridization  banding  pattern  in  Fig.  4-8A  lane  12  revealed  that  the  antisense  OMT  in 
plant  bm8-6  segregated  as  compared  with  the  other  siblings  (Fig.  4-8  lanes  9-11),  which 
was  consistent  with  the  segregation  of  the  bar  gene.  This  suggested  that  the  transgene  was 
integrated  at  more  than  one  locus.  Two  herbicide-resistant  plants  (bml7-3  and  bml7-4) 
were  similar  to  the  control  when  hybridized  with  OMT,  which  suggested  the  deletion  of 
the  OMT  transgene.  Some  of  the  transgenic  plants  lost  one  or  two  of  the  endogenous 
OMT  hybridization  bands  (e.g.  Fig.  4-8  lanes  1-4).  OMT  banding  patterns  were  different 
in  two  ways:  (1)  progeny  from  different  parents  (plant  7 and  bml28)  having  similar  bar 
gene  hybridization  patterns  (compare  Fig.  4-7  lanes  9-13  with  Fig.  4-8  lanes  3-5  and  lanes 
7-8),  and  (2)  transgenic  siblings  having  similar  bar  gene  banding  patterns  (Fig.  4-8  lanes 
3-5,  lanes  7-8,  and  lanes  9-11).  These  results  suggested  that  the  OMT  antisense  gene  has 
multiple  rearrangements. 

Transgene  expression 

Expression  of  the  selectable  marker  bar  gene  and  antisense  OMT  gene  was 
investigated.  Total  RNA  was  extracted  from  progeny  of  transgenics  regenerated  from 
independent  transformation  events.  Ten  micrograms  of  total  RNA  were  used  for  each 
sample.  The  blot  was  sequentially  hybridized  with  OMT  and  bar  probes.  As  a control 
for  loading  and  transfer  of  RNA,  the  blot  was  also  hybridized  with  a 28S  rDNA  probe. 
The  expression  of  bar  varied  from  plant  to  plant.  The  transcripts  of  the  bar  were  not 
observed  in  plant  66-5  (Fig.  4-9  lane  2),  which  was  consistent  with  its  lack  of  herbicide 
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Fig.  4-9.  Northern  blot  analysis  of  the  progeny  of  transgenic  plants.  Total 
RNA  (10  pg)  was  loaded  for  each  sample.  The  membrane  was 
sequentially  hybridized  with  sorghum  OMT,  bar  and  28S  rDNA  probes. 
The  approximate  sizes  of  the  transcripts  were  marked  on  the  right.  The 
1 .7  knt  transcipt  is  the  endogenous  OMT  mRNA  of  maize.  The  1 .6  knt 
and  1.0  knt  transcripts  represent  the  full-length,  and  5’-fragment  of  the 
sorghum  OMT  antisense  RNA,  respectively. 
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resistance.  OMT  antisense  transcripts  could  be  detected  in  only  a few  samples  as 
compared  to  the  1.7  knt  endogenous  OMT  mRNA  (Fig.  4-9A  lanes  1,  4 and  7,  and  B 
lanes  1 and  2).  In  plants  bm6-l  and  bm6-3  (Fig.  4-9B  lanes  1 and  2),  the  size  of  the 
antisense  transcripts  appeared  to  remain  unspliced,  which  might  be  due  to  the  loss  of  a 
splicing  site  resulting  from  OMT  DNA  rearrangement  (compared  with  Fig.  4-8  lanes  1 
and  2).  In  some  cases,  the  level  of  endogenous  OMT  transcript  was  lower  than  the 
control  (Fig.  4-9A  lanes  1 and  3),  while  in  other  cases,  the  endogenous  OMT  mRNA 
level  was  higher  than  the  control  (Fig.  4-9A  lanes  4-8,  and  B lanes  1 and  2).  The  reduced 
endogenous  OMT  mRNA  level  suggests  the  stimulation  of  RNA  turnover  by  antisense 
transcripts.  No  correlation  was  observed  between  the  antisense  OMT  transcript  level  and 
the  endogenous  OMT  mRNA  level,  and  between  bar  expression  level  and  the  antisense 
OMT  expression  level. 

Discussion 

Immature  Tassel  as  Starting  Material 

Various  explants  have  been  used  in  successful  transformation  of  maize,  such  as 
immature  embryos,  shoot  meristem,  immature  embryo  derived  type-I  or  type-II  callus  or 
suspension  cells  initiated  from  type-II  callus.  For  the  maize  Hi-II  system,  we  preferred  to 
initiate  type-II  callus  from  immature  tassels,  which  has  several  advantages  over  immature 
embryos.  (1)  It  takes  4-6  weeks  to  harvest  immature  tassels  after  first  planting,  while  it 
takes  at  least  10  weeks  to  obtain  suitable  immature  embryos.  (2)  Surface  sterilization  is 
not  necessary  because  the  immature  tassels  are  deep  inside  the  leaf  whorl  and  free  of 
contamination.  (3)  It  is  easy  and  quick  to  manipulate  immature  tassels,  while  it  is  time- 
consuming  and  difficult  to  dissect  the  tiny  immature  embryos.  (4)  Immature  tassels  are 
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FI  hybrid  tissue  and  of  homogenous  genotype  because  they  are  pre-meiotic.  Type-II 
callus  was  initiated  directly  from  the  discrete  meristematic  regions  of  the  immature  tassel 
segments  (Songstad,  et  al.  1992)  rather  than  from  the  scutella  tissue  of  immature 
embryos  (Armstrong,  1994).  Less  variation  during  regeneration  was  observed  compared 
with  the  immature  embryos  derived  type-II  callus  (data  not  shown). 

Optimization  of  Bombardment  Parameters 

Gene  transfer  into  plant  cells  via  a microprojectile  gun  has  been  successful  in 
transforming  many  crops  including  maize,  rice,  sugarcane,  wheat  and  barley  (Gordon- 
Kamm  et  al.,  1990;  Christou  et  al.,  1991;  Gallo-Meagher  and  Irvine  1996;  Vasil  et  al., 
1992;  Wan  and  Lemaux  1994).  Various  protocols  have  been  developed.  The  details  may 
vary  greatly,  but  the  major  point  is  to  deliver  the  DNA-coated  particles  efficiently  into 
plant  cells.  A number  of  factors  affect  this  process.  Transient  GUS  expression  assays  are 
very  useful  to  evaluate  these  factors  because  the  cells  expressing  GUS  can  be  visualized 
in  48hr.  However,  transient  expression  by  cells  is  not  predictive  of  stable  transformation 
frequencies  between  different  cultures.  Sometimes,  if  the  cells  were  greatly  damaged,  the 
stable  transformants  could  not  continue  to  divide  and  died,  although  transient  expression 
was  very  high  (Fromm,  1994).  Osmotic  treatment  of  callus  before  and  after 
bombardment  is  an  efficient  way  to  prevent  cell  damage.  Osmotic  treatment  of  callus  can 
increase  both  transient  GUS  expression  and  stable  transformation  because  osmotic 
treatment  is  believed  to  induce  plasmolysis  of  the  cells  so  that  fewer  cells  are  disrupted  by 
the  penetrating  particles  (Vain  et  al.,  1993).  Another  major  factor  affecting  stable 
transformation  is  the  tissue  to  be  bombarded.  Highly  embryogenic  callus  is  generally 
preferred,  because  it  divides  vigorously  and  has  a better  chance  of  surviving  the  stress 
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during  selection  and  regeneration.  Even  type-II  callus  is  morphologically  heterogenous, 
and  the  "pre-embrogenic"  morphotype  may  be  more  amenable  to  transformation  as  this 
morphotype  of  type-II  callus  has  "a  greater  degree  of  developmental  plasticity  with 
respect  to  cell  fate"  (p.  729,  Welter  et  al.,  1995).  The  proembroids  of  type-II  calli  as 
bombarded  material  resulted  in  more  stable  transformation  events  in  our  experiments. 

A Reliable  Selection  System 

Once  the  bombardment  parameters  were  optimized,  the  next  critical  aspect  to 
obtain  transgenic  plants  was  to  have  a reliable  selection  system  because  stable 
transformation  is  a rare  event.  Various  selectable  marker  genes,  such  as  nptll,  hph,  and 
bar  have  been  used  successfully  in  maize  and  other  monocot  species  transformation.  Of 
these,  the  bar  gene  encoding  phosphinothricin  acetyltransferase  (PAT)  was  most 
commonly  used  possibly  because  (1)  phosphinothricin  (PPT)  is  a non-selective  herbicide, 
and  (2)  the  plants  can  be  scored  phenotypically  by  painting  or  spraying  with  the  herbicide. 
PPT  is  an  analog  of  glutamine  and  it  can  inhibit  glutamine  synthetase  (GS).  PAT 
detoxifies  the  herbicide  PPT  via  acetylation  so  that  the  transformed  cells  can  survive 
while  untransformed  cells  are  killed.  Both  glufosinate  and  bialaphos  contain  PPT  as  the 
active  ingradient,  but  their  chemical  structure  is  different.  Glufosinate  is  the  ammonium 
salt  of  PPT,  while  bialaphos  is  the  fermented  product,  which  is  a tripeptide:  PPT  with  two 
alanyl  groups  attached.  Bialaphos  becomes  active  only  after  the  two-alanine  residues 
have  been  cleaved  (Tachibana  and  Kaneko,  1986).  Both  bialaphos  and  glufosinate  have 
been  used  as  selective  agents  to  recover  transgenic  maize  (Gordon-Kamm  et  al.,  1990; 
Zhang  et  al.,  1996).  When  3-5  mg/1  of  bialaphos,  or  glufosinate,  or  Ignite  (calculated  as 
glufosinate  concentration)  was  used  for  the  kill  curve,  the  callus  growth  inhibition  rate 
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was  more  than  90%  after  six  weeks  of  selection  for  all  of  the  three  selective  reagents. 
Since  bialaphos  and  glufosinate  are  not  commercially  available,  Ignite®  is  potentially  an 
alternative  for  maize  transformation. 

We  were  able  to  obtain  68  resistant  callus  colonies  (some  of  them  might  derive 
from  the  same  transformation  event)  from  54  bombardments  using  3 mg/1  of  glufosinate 
and  breaking  the  callus  into  small  pieces.  Moreover,  about  55%  of  the  regenerated  plants 
were  resistant  to  1%  Ignite.  This  was  achieved  by  increasing  the  concentration  of 
glufosinate  step  by  step  during  regeneration.  In  some  of  the  transgenic  maize  work,  no 
selection  agent  or  a low  concentration  of  selective  agent  was  added  during  regeneration, 
but  the  recovery  of  transgenic  plants  sometimes  failed  (Fromm  et  al.,  1990;  Pescitelli  and 
Sukhapinda  1995).  Perhaps  because  the  resistant  callus  was  chimeric,  during 
regeneration,  the  non-transformed  cells  were  more  competent  than  the  transgenic  cells  in 
the  absence  of  selective  agent.  Bower  et  al.  (1996)  reported  that  increasing  selection 
pressure  at  the  regeneration  stage  resulted  in  no  escapes  with  transformed  sugarcane.  Our 
results  also  support  this  idea.  Moreover,  to  ensure  a reliable  selection  system,  it  is 
worthwhile  maintain  some  unbombarded  callus  with  and  without  selection  in  parallel 
with  the  bombarded  callus  for  comparison. 

Transgene  Integration,  Inheritance  and  Expression 

As  summarized  by  Pawlowski  and  Somers  (1996),  microprojectile  bombardment- 
mediated  DNA  delivery  results  in  transgene  integration  patterns  that  generally  exhibit  the 
full-length  introduced  transgene,  transgene  rearrangements  that  differ  in  size  from  the 
full-length  introduced  gene,  and  variation  in  copy  number.  Our  data  were  consistent  with 
such  observations.  The  number  of  transgene  copies  varied  from  1 to  more  than  20.  In  a 
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portion  of  analyzed  progeny  (families  7,  bml7  and  bml28),  these  copies  seemed  to 
cosegregate  as  a transgene  locus  which  may  indicate  that  the  transgene  integrated  into  the 
genome  at  either  tightly  linked  loci  or  into  a single  locus.  In  family  bm8,  segregation  of 
the  hybridization  patterns  indicated  the  transgene  was  integrated  at  more  than  one  locus. 

Transmission  of  transgenes  can  be  Mendelian  or  biased  (Fromm  et  al.,  1990; 
Gordon-Kamm  et  al.,  1990;  Walter  et  al.,  1992;  D'Halluin  et  al.,  1992;  Spencer  et  al., 
1992;  Omirulleh  et  al.,  1993;  Koziel  et  al.,  1996;  Register  III  et  al.,  1994;  Frame  et  al., 
1994;  Zhang  et  al.,  1996;  Kumpatla  et  al.,  1997).  In  the  present  study,  the  inheritance  of 
the  transgene  is  complicated,  as  revealed  by  Southern  blot  analysis.  The  selectable  bar 
gene  was  stably  transmitted  to  the  progeny.  The  bar  gene  hybridization  pattern  in  some 
progeny  was  the  same  among  siblings  (families  bml28,  7 and  bml7),  while  in  other 
progeny,  the  hybridization  pattern  appeared  to  segregate  (family  bm8).  The  different 
hybridization  pattern  of  the  bar  gene  due  to  recombination  during  sexual  reproduction 
was  not  observed  among  the  progenies  studied.  However,  that  was  not  the  case  with  the 
OMT  antisense  gene.  The  OMT  hybridization  pattern  was  different  among  individual 
siblings  (Fig.  4-8).  In  two  cases  (plant  bml7-3  and  bml7-4)  the  OMT  antisense  gene 
seemed  deleted,  as  hybridization  patterns  of  those  plants  were  the  same  as  the  control. 
OMT  DNA  rearrangements  were  observed  in  both  low  and  high-copy  transformation 
events  with  higher  copy  numbers  of  the  OMT  antisense  gene  having  the  most  DNA 
rearrangements  (compare  Fig.  4-8  lanes  9-11  with  lanes  3-5).  The  different  binding 
patterns  of  OMT  among  transgenic  siblings  and  the  disappearance  of  endogenous  OMT 
bands  suggested  that  recombination  between  transgene  OMT  copies,  and  between 
transgene  OMT  and  endogenous  OMT  might  occur  during  meiosis. 


69 


We  have  not  focused  on  the  investigation  of  the  transgene  transmission,  but  based 
on  the  results  of  the  progenies  we  analyzed,  conclusions  can  be  drawn.  (1)  The  bar  gene 
was  stably  transmitted  without  detectable  rearrangment,  and  (2)  the  OMT  antisense 
transgene  was  not  stably  transmitted  as  revealed  by  the  different  Southern  hybridization 
patterns  among  the  siblings  with  multiple  rearrangements.  Transgene  DNA 
rearrangements  include  deletion,  duplication,  and  translocation  or  sometimes  even  single 
base  pair  changes  (Pawlowski  and  Somers  1996;  Takano  et  al.,  1997).  However, 
Southern  blot  analysis  cannot  determine  the  exact  type  of  DNA  rearrangement.  A closer 
examination  of  transgene  inheritance  is  necessary  to  answer  whether  the  transgene 
transmission  follows  Mendelian  segregations. 

Many  factors  can  affect  transgene  expression,  such  as  the  DNA  integration  site 
within  the  genome  (position  effect),  the  intactness  of  the  transgene  expression  cassette, 
and  transgene  inactivation.  As  for  the  inheritance  of  transgene  expression,  it  is  more 
complicated  (Spencer  et  al.,  1992;  Walter  et  al.,  1992;  D'Halluin  et  al.,  1992;  Zhang  et  al., 
1996;  Kumpatla  et  al.,  1997).  Progeny  of  the  primary  transgenic  plants  were  examined  for 
transgene  expression  by  the  herbicide  resistance  test.  Most  of  the  progeny  analyzed  by 
leaf-painting  assays  were  herbicide  resistant.  However,  some  of  them  were  sensitive, 
which  may  mainly  be  attributed  to  bar  segregation  as  indicated  by  Southern  blot  analysis 
(Plant  bm8-3,  bmlO-2  and  bm4-3  in  Fig.  4-7).  We  also  observed  in  the  progeny  of 
transgenic  plants  that  while  bar  was  transmitted,  the  plant  was  sensitive  to  the  herbicide 
(Plant  bml7-2).  This  suggested  that  bar  was  silenced. 

Northern  analysis  data  indicated  that  the  expression  levels  of  bar  and  the  OMT 
antisense  gene  varied.  No  correlation  was  observed  between  the  bar  gene  and  OMT 
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antisense  gene  mRNA  steady  state  levels.  Furthermore,  no  correlation  was  found  between 
the  transgene  copy  number  and  its  expression  level.  In  antisense  transgenic  plants, 
several  situations  were  documented  (1)  endogenous  and  antisense  transcripts  disappeared, 
(2)  both  existed,  and  (3)  one  was  more  predominant  than  the  other  (Van  der  Krol  et  al., 
1988;  Cannon  et  al.,  1990;  Stockhaus  et  al.,  1990;  De  Lange  et  al.,  1996).  The  true 
mechanism  is  not  understood  yet.  In  our  experiments,  we  were  able  to  detect  antisense 
transcripts  in  only  a few  samples.  However,  the  presence  of  the  antisense  transcript  did 
not  result  in  reduction  of  the  endogenous  OMT  mRNA  steady  state  level.  This  may  be 
explained  as  follows.  (1)  Different  localization  of  the  endogenous  OMT  mRNA  and  the 
antisense  OMT  RNA  molecules  prevented  them  from  formation  of  duplex  and  triggered 
degradation,  or  (2)  the  detected  antisense  RNA  molecules  might  be  transcribed  from  a 
different  cell  type.  In  some  of  the  samples,  antisense  transcript  was  not  detected  and  the 
endogenous  OMT  mRNA  was  reduced,  which  may  suggest  the  RNA  degradation  by 
antisense  mechanism.  In  the  case  of  samples  with  high  endogenous  OMT  mRNA  level 
and  undetectable  antisense  transcript,  it  is  possible  that  the  antisense  transcriptional  level 
was  lower  than  the  detectable  level  or  the  antisense  gene  was  silenced.  Further 
experiments  with  run-on  assays  would  be  necessary  to  answer  whether  gene  silencing 
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CHAPTER  5 

CHARACTERIZATION  OF  OMT  ANTISENSE  TRANSGENIC  PLANTS 


Introduction 

Brown  midrib  mutants  of  maize  bm3  have  been  studied  extensively  because  the 
mutants  reduce  lignin  content  and  change  lignin  monomer  composition.  Bm3  mutants 
have  a brown  midrib  phenotype  at  the  4-  to  6-leaf  stage.  This  pigmentation  disappears 
from  the  leaf  midribs  as  plants  grow.  However,  it  can  be  found  in  the  rind  and  vascular 
tissues  of  the  stem  cross  sections  (Chemey  et  al.,  1991;  Barriere  and  Argiller  1993). 
Grand  et  al.  (1985)  first  examined  the  six  enzymes  in  the  lignin  biosynthetic  pathway  of 
the  bm3  mutant  and  its  normal  counterpart,  and  they  found  that  caffeic  acid  3-0- 
methyltransferase  (OMT)  activity  of  the  whole  bm3  plant  was  only  10%  of  the  wild  type 
counterpart  at  10,  20,  and  30  days  after  germination.  The  bm3  mutants  have  been  further 
characterized  as  a mutation  occurring  in  the  gene  encoding  caffeic  acid  O- 
methyltransferase  (OMT).  This  mutation  was  caused  by  a B5  transposon  insertion  or  a 
deletion  in  the  OMT  gene  (Vignols  et  al.,  1995;  Morrow  et  al.,  1997). 

OMT  in  angiosperms  is  bifimctional,  catalyzing  two  methylation  steps  (from 
caffeic  acid  to  ferulic  acid  and  from  hydroxyferulic  acid  to  synapic  acid)  in  lignin 
biosynthesis,  and  using  S-adenosylmethionine  as  the  methyl  group  donor.  OMT  is 
encoded  by  a single  gene  in  maize  and  it  is  highly  expressed  in  the  root  elongation  region, 
stem  and  leaf  midrib  (Collazo  et  al.,  1992;  Vignols  et  al.,  1995;  Capellades  et  al.,  1996). 
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The  maize  antisense  OMT  transgenic  plants  are  characterized  in  this  chapter.  This 
is  the  first  report  on  maize  OMT  down-regulation  by  an  antisense  strategy. 

Materials  and  Methods 

OMT  Activity  Assay 

Leaf  or  stem  tissue  was  ground  into  a fine  powder  with  a mortar  and  pestle  in  the 
presence  of  liquid  nitrogen  and  crude  protein  was  extracted  as  described  by  Bugos  et  al. 
(1991).  The  leaf  or  stem  powder  was  suspended  in  a buffer  (4  ml/g  tissue)  containing  200 
mM  Tris-HCl  (pH  7.2),  14  mM  P-mercaptoethanol  and  vortexed  for  1 min.  The 
homogenate  was  centrifuged  at  10,000  x g for  20  min  and  filtered  through  one  layer  of 
Miracloth  (Fisher  Scientific,  Pittsburgh,  PA).  All  the  steps  were  carried  out  at  4°C. 

The  OMT  activity  assay  was  a modification  based  on  Bugos  et  al.  (1991), 
Collendavelloo  et  al.  (1981),  Gowri  et  al.  (1991)  and  Dalkin  et  al.  (1990).  The  diluted 
tritiated  S-Adenosylmethionine  (SAM)  was  prepared  by  adding  20  pi  of  S-Adenosyl-L- 
[methyl-  H]  methionine  (specific  activity  76.0  Ci/mmol,  1 pCi/pl,  Amersham)  to  280  pi 
of  an  unlabeled  SAM.HC1  solution  (100  nmol). 

The  OMT  assay  conditions  were  optimized  and  the  standard  OMT  assay  was 
established  as  follows:  50  pi  of  plant  extract  enzyme  solution,  10  pi  of  caffeic  acid  (final 
concentration  1 mM),  137  pi  of  200  mM  Tris-HCl  pH  8.0  buffer.  After  incubation  at 
37°C  for  5 min,  3 pi  of  S-Adenosylmethionine  (0.2  pCi/nmol)  was  added.  After  2 hr  of 
incubation  at  37°C,  20  pi  of  2 N HC1  was  added  to  stop  the  reaction.  Then  the  product 
was  extracted  with  a mixture  of  hexane:  ethyl  acetate  (1:1).  One  milliliter  of  the  solvent 
was  added  to  each  sample,  which  was  then  vortexed  for  1 min.  The  organic  phase, 
recovered  after  centrifugation  for  2 min,  was  taken  into  a scintillation  vial.  Seven 
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milliliters  of  Scintilene  (Fisher  Scientific,  Pittsburgh,  PA)  cocktail  were  added  to  each 
sample  and  the  radioactivity  of  the  sample  was  measured  in  a liquid  scintillation  counter. 
Each  sample  was  assayed  in  duplicate  and  without  adding  caffeic  acid  as  a control  for  the 
assay. 

Protein  Determination 

Protein  content  of  samples  for  OMT  assay  was  determined  by  the  Bradford  (1976) 
method  using  the  reagent  from  Bio-Rad  with  bovine  serum  albumin  (BSA)  as  the  protein 
standard. 

RNA  Probe  Preparation 

Sorghum  OMT  DNA  in  Bluescript  SK  was  linearized  by  EcoRl  or  Apal  and 
recovered  from  the  gel  with  NA-45  DEAE  cellulose  membrane  (Schleicher  & Schuell 
Company,  Keene,  NH)  after  gel  electrophoresis  following  the  manufacturer's  instruction. 
Both  the  OMT  sense  and  antisense  probes  were  made  with  the  in  vitro  transcription  kit 
(Promega,  Madison,  WI)  using  P-labeled  CTP.  The  sense  strand  RNA  probe  was 
synthesized  using  Apal-cvA.  plasmid  and  T3  RNA  polymerase.  The  Apal  fragment  was 
first  filled  in  with  Klenow  fragment  to  convert  the  3'-overhang  to  blunt  ends.  The 
antisense  strand  probe  was  synthesized  using  EcoRI-cut  plasmid  and  T7  RNA 
polymerase.  In  vitro  transcription  conditions  were  performed  as  recommended  by  the 
manufacturer.  Following  transcription,  the  DNA  template  was  removed  by  DNase  I 
treatment.  After  two  phenol  and  chloroform  (1:1)  extractions,  the  RNA  probe  was 
purified  on  a Sephadex  G-50  column. 
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Northern  Blot  Analysis  with  cDNA  Probe 

This  was  performed  as  described  in  the  previous  chapter.  The  radioactivity  was 
quantified  on  a Phospholmager  (Molecular  Dynamics,  Sunnyvale,  CA)  after  hybridization. 
Northern  Blot  Analysis  with  Riboprobe 

Total  RNA  isolation,  size  separation  and  membrane  transfer  were  performed  as 
described  in  Chapter  4.  Prehybridization  and  hybridization  were  carried  out  according  to 
Sambrook  et  al  (1989).  The  membrane  was  prehybridized  4 hr  at  65°C  in  20  ml  of  a 
solution  containing  6x  SSPE  [20x  stock  (g/1):  NaCl,  175.3  g,  NatbPO^PEO,  27.6  g,  and 
EDTA,  7.4  g,  adjusting  pH  to  7.4  with  10  N NaOH],  5x  Denhardt’s  reagent  [50x  stock 
(g/1):  Ficoll,  10  g,  polyvinylpyrrolidone,  10  g,  bovine  serum  albumin,  10  g],  0.5%  SDS, 
50%  formamide  and  100  pg/ml  (final  concentration)  denatured  salmon  sperm  DNA.  The 
membrane  was  then  hybridized  overnight  at  68°C  with  the  radiolabeled  RNA  probe  in  the 
solution  as  described  above  except  without  Denhardt's  reagent.  The  blot  washing 
conditions  were  as  described  in  Chapter  4. 

Histochemical  Staining 

The  control  and  transgenic  plants  were  harvested  five  days  after  anthesis.  The 
seventh  and  tenth  (from  the  top)  intemodes  of  the  plants  were  sliced  with  a scalpel  to  1 
mm  thick  sections.  Phloroglucinol-HCl  and  potassium  permanganate-HCl  staining  were 
performed  as  described  by  Dean  (1997). 

Statistical  Analysis 

Analysis  of  variance  was  performed  to  compare  the  OMT  activity  of  control  and 
transgenic  plants  according  to  Lyman  Ott  (1993)  using  SAS  software  version  6.12  (SAS 


Institute  Inc.,  Cary,  NC). 


75 


Results 

Sampling  Stage  and  Sampling  Methods  for  OMT  Assay 

In  order  not  to  jeopardize  obtaining  seeds  from  the  transgenic  plants,  we  sampled 
leaves  rather  than  stems  for  the  OMT  activity  assay.  The  following  was  considered  in 
determining  the  sampling  stage  for  OMT.  The  natural  brown  midrib  mutants  ( bm3 ) 
showed  the  brown  midrib  phenotype  at  the  4-  to  6-leaf  stage;  OMT  mRNA  was  highly 
accumulated  at  the  leaf  midrib  when  sampled  at  the  seedling  stage  (Chemey  et  al.,  1991; 
Vignols  et  al.,  1995).  To  determine  the  distribution  of  OMT  activity  in  the  plant,  non- 
transformed  plants  at  two  developmental  stages  were  sampled  and  OMT  activity  was 
measured  on  the  stem,  sheath,  and  leaf.  On  2-week  plant  samples,  the  second  youngest 
leaf  had  the  highest  OMT  activity  among  the  four  leaves  analyzed,  and  that  activity  was 
comparable  to  the  stem  and  sheath  (Fig.  5-1).  On  7-week  (15-leaf  stage)  plant  samples, 
the  OMT  activity  was  high  in  the  young  leaves,  extending  intemodes  and  leaf  sheaths, 
while  it  was  low  in  the  lower  leaves  and  non-extending  young  intemodes  (Fig.  5-2). 
Because  of  the  highly  variable  OMT  activity  within  a single  plant  and  at  different  growth 
stages,  standardization  of  the  sampling  was  necessary. 

To  further  investigate  the  correlation  of  OMT  activity  and  OMT  mRNA 
accumulation,  the  same  plant  samples  from  the  7-week  stage  were  used  for  northern  blot 
analysis.  Ten  micrograms  of  total  RNA  of  each  sample  fractionated  by  electrophoresis. 
After  transferring  the  RNA  to  a membrane,  the  blot  was  sequentially  hybridized  with  the 
maize  OMT  cDNA  probe  and  the  28S  rDNA  probe.  As  shown  in  Fig.  5-2,  the  OMT 
activity  was  in  agreement  with  the  OMT  mRNA  accumulation  level  (correlation 


coefficient  r = 0.96). 
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Fig.  5-1.  Distribution  of  OMT  activity  from2 -week-old  (5-leaf  stage)  non- 
transformed  seedlings.  Three  plants  were  harvested,  separated  into  different  parts 
and  pooled  for  OMT  activity  assay.  The  max  OMT  activity  was  0. 1 5 pkat/mg 
protein. 
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A. 


Fig.  5-2.  OMT  activity  and  OMT  mRNA  level  distribution  within  a maize  plant. 
The  maize  plant  was  sampled  7-week  after  planting  in  the  greenhouse.  (A)  OMT 
activity  was  measured  on  each  plant  part  and  the  highest  OMT  activity  (0.76 
pkat/mg  protein)  was  considered  as  100%.  (B)  Relative  OMT  mRNA  steady  state 
level  was  determined  by  RNA  quantification  of  the  northern  blot  data.  (C) 
Northern  blot  analysis  of  the  OMT  steady  state  level  using  the  maize  OMT  cDNA 
as  probe.  The  blot  was  also  hybridized  with  28S  rDNA  probe  to  standardize  the 
RNA  loading  and  transfer. 
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The  results  also  indicated  that  a single  sized  transcript  homologous  to  the  OMT  was 
present  among  different  plant  parts  at  that  sampling  stage.  In  addition,  no  differential 
hybridization  intensity  was  observed  between  sorghum  and  maize  stem  tissues  (compare 
Fig.  5-2  lane  10  with  lane  12). 

OMT  Activity  of  Transgenic  Plants 

Since  both  developmental  stage  and  growth  conditions  influenced  OMT  activity, 
it  was  difficult  to  utilize  the  primary  transgenic  plants  for  OMT  analysis.  Our  major 
efforts  were  focused  on  the  progeny  resulting  from  self-pollination  of  the  primary 
transgenic  plants.  Based  on  the  brown  midrib  phenotype  and  the  potentially  independent 
transformation  events,  five  seeds  from  each  of  40  primary  transgenic  plants  were  planted 
in  the  greenhouse.  Ten  control  seeds  from  different  plants  regenerated  from  non- 
transformed  callus  were  planted  under  the  same  conditions.  Because  of  the  genetic 
segregation  of  the  transgene,  herbicide  resistance  was  first  evaluated  with  the  young 
transgenic  plants  by  painting  a leaf  with  1%  Ignite®.  The  second  youngest  leaf  was 
sampled  on  day  14  and  subjected  to  OMT  assay.  For  the  transgenic  plants,  only  the 
herbicide  resistant  plants  were  sampled.  A total  of  1 04  transgenic  plants  were  assayed  for 
OMT  activity.  The  OMT  activity  was  highly  variable  between  individual  plants. 
Compared  to  the  mean  control  OMT  activity,  17.3%  of  the  transgenic  plants  had  an  OMT 
activity  reduction  of  greater  than  50%;  53.8%  of  the  plants  showed  a reduction  of  more 
than  25%.  The  extremely  down-regulated  OMT  transgenic  plants  had  about  10%  of  the 
control  OMT  activity.  As  shown  in  Fig.  5-3,  the  OMT  activity  variation  within  each 
transgenic  family  was  as  large  as  between  transgenic  families,  so  there  were  no 
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parent  had  a brown  midrib  phenotype. 
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significant  differences  among  the  transgenic  families.  However,  the  mean  OMT  activity 
of  the  transgenic  plants  was  significantly  reduced  compared  to  the  control  plants  (p  = 
0.007).  The  brown  midrib  phenotype  was  not  correlated  with  reduced  OMT  activity  at  the 
2-week  (5-leaf)  stage.  This  could  possibly  be  due  to  sampling  the  second  youngest  leaf 
while  the  brown  midrib  phenotype  was  observed  on  the  two  older  lower  leaves  and 
suggests  the  spatially  and  temporally  different  expression  of  the  OMT  antisense  gene. 

A number  of  reports  on  antisense  down-regulation  have  indicated  that  only  a few 
samples  maintained  low  enzyme  activity  when  transgenic  plants  were  sampled  at  a more 
mature  stage  (Atanassova  et  al.,  1995;  Piquemal  et  ah,  1998).  To  investigate  this  problem, 
we  sampled  the  third  youngest  leaf  when  the  plants  reached  the  7-week  (15-leaf)  stage.  A 
portion  of  the  plants  having  low  OMT  activity  at  the  2-week  stage  had  an  increase  in 
activity  level  similar  to  the  control,  and  some  were  even  higher  than  the  control.  Among 
the  35  7-week  (15-leaf)  stage  plants  analyzed  (with  down-regulated  OMT  activity  at  the 
2-week  stage),  only  five  plants  (bml7-l,  bm8-l,  bm6-l,  7-3,  and  bml28-5)  had  reduced 
OMT  activity  (<50%  of  the  control).  Since  our  major  objective  was  to  investigate  the 
potential  of  forage  quality  improvement,  sampling  at  a more  mature  stage  (flag  leaf  stage) 
may  better  reflect  the  effect  of  OMT  down-regulation.  Six  seeds  from  each  of  10  primary 
transgenic  plants  and  12  seeds  from  regenerated  untransformed  plants  were  planted  in  the 
greenhouse.  The  young  flag  leaf  of  the  herbicide-resistant  and  control  plants  was  taken 
for  OMT  activity  assay.  The  results  indicated  that  OMT  activity  was  less  variable  within 
each  transgenic  family  (see  Fig.  5-4)  and  was  significantly  different  among  transgenic 
families  (p  < 0.01).  In  transgenic  families  bm8,  bml28,  bml7,  and  7,  OMT  activity  was 
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transgenic  plants  were  planted  in  the  greenhouse.  The  young  flag  leaf  from  control  and  transgenic  (herbicide 
resistant)  plants,  8 weeks  after  planting,  was  assayed  for  OMT  activity.  The  mean  of  10  control  plants  was 
considered  as  100%  (0.32  pkat/mg  protein).  The  plant  ID  number  was  indicated  under  the  graph.  Bm  in  the  family 
designation  indicates  the  parent  had  a brown  midrib  phenotype.  Bml7-4  could  be  viewed  as  a control  as  it  lost  the 
OMT  antisense  gene(see  also  Fig.  4-8). 
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Table  5-1.  OMT  activity  of  the  flag  leaf  from  transgenic  and  control  plants. 


Plant  Family 

Family  Mean  of  OMT  Activity 

(pkat/mg  protein) 

bm8  (n=4) 

0.157  de* 

bm  128  (n=2) 

0.186  cde 

7 (n=4) 

0.190  cde 

bm  17  (n=5) 

0.193  cde 

bm  9 (n=2) 

0.271  bed 

bm  5 (n=3) 

0.277  be 

bm  6 (n=3) 

0.288  abc 

bm  4 (n=2) 

0.399  a 

Control  (n=10) 

0.318  ab 

*Means  bearing  a common  letter  are  not  significantly  different  at  0.05  level 


of  probability  using  Fisher's  least  significant  difference  test. 
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significantly  reduced  compared  with  OMT  activity  of  the  control  plants  as  shown  in 
Table  5-1. 

Down-regulation  of  Maize  Endogenous  OMT  mRNA 

To  further  investigate  the  OMT  down-regulation  of  the  endogenous  OMT  mRNA 
steady  state  level,  northern  blot  analysis  was  performed  using  an  OMT  antisense 
riboprobe  with  the  third  leaf  of  the  five  plants  maintaining  reduced  OMT  activity  (15-leaf 
stage)  and  with  some  of  the  flag  leaf  samples.  As  shown  in  Fig.  5-5  A,  the  third  leaf  of  all 
five  plants  showed  a significant  reduction  of  the  maize  OMT  mRNA  level  (1.7  knt) 
compared  to  the  control.  The  flag  leaf  samples  having  reduced  OMT  mRNA  steady  state 
level  were  also  consistent  with  their  lower  OMT  activity  (comparing  Fig.  5-4  and  Fig.  5- 
5B).  Plant  bml7-4  (Fig.  5-5B)  could  be  viewed  as  a control  because  the  antisense  OMT 
transgene  was  lost  as  evidenced  by  Southern  analysis  (see  Fig.  4-8).  The  reduced  maize 
OMT  mRNA  level  may  suggest  the  suppression  of  endogenous  OMT  mRNA 
accumulation  by  antisense  OMT  gene  expression.  The  band  of  1 .3  knt  unknown  RNA  has 
strand  specific  binding  with  OMT  antisense  probe.  That  RNA  did  not  hybridize  when  a 
cDNA  probe  or  the  sense-strand  probe  was  used.  Northern  analysis  also  revealed  that  the 
reduction  of  endogenous  OMT  mRNA  level  was  more  pronounced  than  the  reduction  of 
OMT  activity  compared  to  the  control. 

Comparison  of  the  Efficiency  of  Different  Constructs 

Regenerated  transgenic  plants  from  the  three  antisense  vectors  (OMT  full-length 
cDNA,  5'-cDNA  and  3'-cDNA)  expressed  the  brown  midrib  phenotype.  However, 
because  of  the  magnitude  of  work  generated  in  characterizing  the  transgenic  plants,  only 
the  plants  bombarded  with  the  OMT  full-length  and  5 '-fragment  vectors  were 
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Fig.  5-5.  Northern  blot  analysis  with  the  OMT  antisense  probe  to  detect  endogenous 
OMT  mRNA  steady  state  level.  (A)  The  third  youngest  leaf  was  sampled  from  7week 
old  plants  with  low  OMT  activity  (planted  on  07-03-98).  (B)  The  young  flag  leaf  was 
sampled  from  8-week-old  plants  (planted  on  11-20-98).  Bm17-4  could  be  viewed  as  a 
control  as  Southern  blot  indicated  the  loss  of  OMT  antisense  gene  (see  Fig.  4-8).  The 
blot  was  sequentially  hybridized  with  the  maize  antisense  OMT  riboprobe  and  28s 
rDNA  probe.  The  1.7  knt  band  is  the  endogenous  OMT  mRNA.  This  band  is  not 
present  in  the  transgenic  plants  but  present  in  the  control.  This  suggests  the 
antisense  OMT  gene  expression  may  promote  instability  of  the  endogenous  OMT 
mRNA.  The  band  of  1.3  knt  unknown  RNA  has  strand-specific  binding  with  the  OMT 
antisense  probe.  That  RNA  did  not  hybridize  when  an  OMT  cDNA  probe  or  the  sense 
riboprobe  was  used.  Bm  designations  indicate  the  parent  had  the  brown  midrib 
phenotype. 
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investigated.  In  both  situations,  OMT  down-regulation  was  observed  and  variation 
existed  among  different  events  as  well  as  individual  transgenic  plants.  The  most  effective 
construct  could  not  be  determined. 

Phenotype  of  Transgenic  Plants 

Most  transgenic  plants  were  phenotypically  normal  and  were  self-fertile.  Plants 
were  0.9— 1.8  m in  height.  Some  had  pistillate  male  flowers.  Seed  set  varied  from  a few 
seeds  per  plant  to  more  than  100  seeds,  which  was  consistent  with  other  maize 
transformation  reports.  Some  mutants  didn't  reach  maturity. 

About  10%  of  the  transgenic  plants  showed  the  brown-midrib  phenotype  (Fig.  5-6 
Top)  at  4-6  leaf  stage  which  is  characteristic  of  bm3,  a natural  maize  brown  midrib 
mutant  caused  by  B5  transposon  insertion  or  deletion  of  OMT  gene  (Vignols  et  al.,  1995). 
The  brownish  color  was  more  obvious  on  the  abaxial  side  of  the  leaf  than  the  adaxial 
side.  Unlike  the  bm3,  not  all  the  midribs  of  the  leaves  turned  brown  at  this  stage,  only  2 
or  3 leaves  changed  color.  The  distribution  of  the  brownish  color  was  not  homogenous 
even  on  a single  midrib.  When  these  plants  were  harvested  after  maturity,  the  intemodes 
of  some  plants  also  showed  discoloration  (Fig.  5-6  Bottom).  This  could  be  related  to 
spatially  and  temporarily  different  expression  of  the  antisense  OMT  gene.  The  brown 
midrib  phenotype  was  also  observed  in  some  but  not  all  of  the  progeny  from  the  primary 
brown  midrib  transgenic  plants. 

Some  transgenic  plants  and  their  progeny  showed  strange  phenotypes  at  the  4-  to 
9-leaf  stage  (Fig.  5-7),  such  as  variegated  leaves,  broken  and  stripped  leaves,  extremely 
delayed  growth  rate,  and  dying  leaf  tips  of  emerging  young  leaves.  These  were  not 
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Fig.  5-6.  Phenotype  of  transgenic  plants.  About  10%  of  the  transgenic 
plants  showed  brown  midrib  leaf  at  the  4 - 6 leaf  stage  (top),  which  is 
similar  to  the  maize  natural  brown  midrib  mutants.  Some  transgenic 
plants  showed  vascular  tissue  discoloration  at  the  mature  stage  (bottom). 
Stem  samples  of  A,  C,  and  E are  from  a transgenic  plant;  B,  D,  F are 
from  an  untransformed  plant.  A-D  are  cross  sections  and  E-F  are 
longitudinal  sections. 


87 


Fig.  5-7.  Some  unusual  phenotypes  in  the  progeny  of  transgenic  plants  at  the  4-  to  9-leaf 
stage.  A.  Normal  control  plant;  B.  The  first  emerging  young  leaf  with  dead  leaf  tips  but 
later  the  rest  of  the  leaf  grew  normally.  C.  Two  siblings  of  transgenic  plants,  the  left  was 
normal,  the  right  showed  the  same  phenotype  as  B.  D.  The  transgenic  plant  showing 
stripped  and  broken  leaf.  E.  The  transgenic  plant  showing  varigated  leaf.  F.  The  growth 
rate  of  the  plants  in  D & F was  delayed  during  the  first  two  months  after  planting.  All  the 
abnormal  phenotypes  disappeared  at  a later  stage.  G.  Control  and  transgenic  plants.  No 
distinct  phenotype  was  observed  at  this  stage  (The  plants  were  put  very  close  to  each 
other  for  the  photogragh). 
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observed  in  the  regenerated  control  plant  population,  or  in  bm3  mutants.  These 
phenotypes  might  be  related  to  the  OMT  antisense  gene's  inhibition  of  some  other 
methyltransferase  genes  (Ibrahim  et  al.,  1998),  which  is  not  uncommon  in  antisense 
inhibition  experiments  (Elomaa,  et  al.,  1996;  Fire,  et  al.,  1998). 

Histochemical  Staining 

Two  histochemical  staining  methods  were  commonly  used  to  roughly  detect 
lignin.  One  is  called  phloroglucinol-HCl  staining,  which  can  be  used  to  determine  lignin 
deposition  sites;  the  other,  potassium  permanganate-HCl  staining,  can  be  used  to 
determine  the  change  in  lignin  composition  by  color  difference  after  the  staining.  The 
mechanisms  of  the  staining  are  not  well  understood.  Free-hand  stem  sections  of  the 
seventh  and  tenth  intemode  (from  top)  from  transgenic  plants  with  reduced  OMT  activity 
or  non-transformed  plants  were  stained  with  phloroglucinol-HCl  or  potassium 
permanganate-HCl  reagents.  For  phloroglucinol-HCl  staining,  the  epidermis  and  vascular 
tissue  of  transgenic  plants  showed  less  red  stain  than  the  control  plants  (Fig.  5-8A).  With 
potassium  permanganate-HCl  staining,  the  reduced  intensity  of  color  and  the  change  of 
brown-red  to  brown  color  were  also  observed  in  the  transgenic  plants  (Fig.  5-8B).  These 
results  suggested  that  both  lignin  content  and  composition  have  been  changed  in  the 
transgenic  plants  with  reduced  OMT  activity. 

Discussion 

OMT  Expression  Pattern 

Collazo  et  al.  (1992)  first  indicated  that  maize  OMT  mRNA  was  highly 
accumulated  in  the  elongation  zone  of  the  roots.  Lower  levels  of  OMT  mRNA  were  also 
observed  in  coleoptiles,  mesocotyl,  and  root  tips  from  7-day-old  plants,  leaves 
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A Transgenic  plan; 


Fig.  5-8.  Lignin  histochemical  staining.  The  seventh  and  tenth  intemode 
(from  the  top)  from  control  plants  and  the  OMT-reduced  transgenic  plants 
were  sliced  into  1mm  sections,  and  free-hand  sections  were  subjected  to 
(A)  phloroglucinol-HCl  staining,  and  (B)  potassium  permanganate-HCl 
staining. 
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from  3-month-old  plants,  flowers  from  120-day-old  plants,  and  seeds  8,  10,  and  12  days 
after  pollination.  The  OMT  mRNA  was  highly  accumulated  in  the  leaf  midrib 
corresponding  to  the  cells  undergoing  lignification  as  indicated  by  in  situ  hybridization 
(Vignols  et  al.,  1995).  GUS  expression  driven  by  the  maize  OMT  promoter  was  observed 
in  the  young  vascular  tissues  and  was  responsive  to  wounding.  Our  data  further  supported 
the  notion  that  OMT  expression  is  developmentally  regulated.  OMT  mRNA  level  was 
high  in  young  leaves,  leaf  sheath,  and  elongating  intemodes;  while  it  was  very  low  in  the 
very  young  intemodes,  and  old  leaves.  This  OMT  mRNA  steady  state  level  was 
correlated  well  with  the  OMT  activity,  which  also  corresponded  to  lignification  sites. 
This  OMT  expression  pattern  verified  standardization  of  the  sampling  stage  with  the 
same  young  leaf  was  necessary  to  investigate  OMT  down-regulation. 

OMT  Down-Regulation  by  Antisense  Strategy 

It  has  been  well  documented  that  variations  of  transgene  expression  exist  among 
independent  transformation  events,  individual  plants  from  the  same  transformation  event, 
and  progeny  of  a transgenic  plant  (Gordon-Kamm  et  al.,  1990;  Spencer  et  al.,  1992; 
Walter  et  al.,  1992;  D'Halluin  et  al.,  1992;  Gallo-Meagher  and  Irvine,  1996;  Zhang  et  al., 
1996;  Kumpatla  et  al.,  1997).  We  decided  to  screen  progenies  from  many  primary 
transgenic  plants  rather  than  focus  on  the  progenies  from  several  plants.  Initially,  we 
chose  40  primary  transgenic  plants  based  on  the  brown  midrib  and  stem  discoloration 
phenotypes  of  the  primary  transgenic  plants,  and  the  potentially  independent 
transformation  events.  One  hundred  and  four  herbicide  resistant  plants  (2 -week-old  stage, 
the  second  youngest  leaf)  were  analyzed  for  OMT  activity  and  1 7.3%  of  them  showed  an 
OMT  reduction  of  50%  compared  to  the  control  mean.  Our  finding  was  that  OMT  activity 
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was  as  highly  variable  within  a transgenic  family  as  between  transgenic  families.  The 
genetic  instability  and  epigenetic  variation  of  the  antisense  OMT  gene  expression  may 
explain  this.  Among  these  analyzed  plants,  no  correlation  was  observed  between  brown 
midrib  phenotype  and  OMT  activity,  which  may  reflect  the  spatial  and  temporal 
expression  patterns  of  the  antisense  OMT  gene.  Concerning  the  "somatic  instability" 
(Koziel  et  al.,  1996)  of  transgene  expression,  we  sampled  the  third  youngest  leaf  from  35 
transgenic  plants  previously  having  reduced  OMT  activity  at  the  more  mature,  7- week 
(15-leaf)  stage,  and  found  only  five  plants  maintained  the  depressed  OMT  activity  (about 
50%  of  the  control).  Northern  analysis  with  the  antisense  riboprobe  showed  that  the 
endogenous  OMT  mRNA  level  of  those  five  plants  was  severely  reduced.  Since  our 
major  interest  was  to  investigate  the  potential  of  forage  quality  improvement  via  down- 
regulation  of  maize  OMT  expression,  sampling  the  plants  at  more  mature  stage  might 
better  represent  the  whole  process.  We  replanted  seeds  from  selected  plants  and  sampled 
the  young  flag  leaves  of  transgenic  and  control  plants  for  OMT  activity  and  OMT  mRNA 
analyses.  The  data  showed  that  both  OMT  activity  and  maize  OMT  mRNA  level  were 
reduced  in  some  of  those  transgenic  plants.  Interestingly,  the  more  pronounced  the 
reduction  of  maize  OMT  mRNA  level  the  lower  the  OMT  activity  level,  at  both  15-leaf 
and  flag-leaf  stages. 

Antisense  induced  gene  suppression  is  reported  to  mainly  function  at  the  post- 
transcriptional  level  (De  Lange  et  al.,  1995;  Hamilton  et  al.,  1995;  Ardnt  and  Rank,  1997; 
Kumur  and  Carmichael,  1998).  Significant  reduction  of  OMT  mRNA  along  with 
undetectable  antisense  OMT  RNA  in  leaf  tissue  in  the  transgenic  plants  were  in 
agreement  with  a number  of  reports  on  the  action  of  antisense  genes  (Crowley  et  al., 
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1985;  Kim  et  al.,  1985;  Mercola  et  al.,  1988;  Van  der  Krol  et  al.,  1990;  Atanassova  et  al., 
1995).  These  observations  may  be  explained  by  a rapid  turnover  of  the  antisense- 
endogenous  RNA  duplex.  In  only  a few  transgenic  plants,  the  antisense  OMT  transcript 
could  be  detected  (see  Fig.  4-9),  and  the  presence  of  the  antisense  transcript  was  not 
correlated  with  the  reduction  of  OMT  activity  or  maize  endogenous  OMT  mRNA  level, 
which  seemed  consistent  with  other  reports  (Van  der  Krol  et  al.,  1988;  Cannon  et  al., 
1990;  Stockhaus  et  al.,  1990;  De  Lange  et  al.,  1995).  The  possible  explanation  for  this 
could  be  due  to  different  cellular  localization  of  the  endogenous  mRNA  and  the  antisense 
transcript  so  that  the  antisense  RNA  molecules  cannot  always  intervene  with  the  targeted 
endogenous  mRNA  (De  Lange  et  al.,  1995;  Arndt  and  Rank,  1997). 

Generally,  only  10-50%  of  the  transgenic  plants  expressing  an  antisense  gene  show 
suppression  of  the  target  gene,  and  in  some  cases  the  antisense  gene  may  have  no  effect  at 
all  (De  Lange  et  al.,  1995;  Arndt  and  Rank,  1997).  Thus,  " 'antisensing'  is  still  a matter  of 
trial  and  error"  (p.  64  in  De  Lange  et  al.,  1995)  until  the  mechanism  is  elucidated. 
Recently,  Waterhouse  et  al.  (1998)  showed  that  plants  transformed  with  virus  or  reporter 
gene  constructs  that  produced  RNAs  capable  of  duplex  formation  conferred  virus 
immunity  or  gene  silencing  much  more  efficiently  than  plants  with  the  constructs 
producing  either  sense  or  antisense  mRNA  alone.  This  may  highlight  a new  strategy  for 
future  down-regulating  gene  expression  in  transgenic  plants. 

Down-regulation  of  OMT  Changed  Lignin  Profile 

The  natural  brown  midrib  mutants  bm3  were  caused  by  the  deletion  of  OMT 
coding  region  or  a B5  transposon  insertion  in  OMT  coding  region  (Vignols,  et  al.,  1995; 
Morrow  et  al.,  1997).  This  mutation  gave  rise  to  a reduction  in  lignin  content  and  a 
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change  in  lignin  composition  S/G  ratio  (Chemey  et  al.,  1991).  Therefore,  OMT  has  been 
considered  a good  down-regulation  target  in  transgenic  tobacco  ( Nicotiana  tobacum ) and 
poplar  trees  {Populus  deltoides).  However,  most  of  the  studies  of  transgenic  tobacco  and 
poplar  with  OMT-down-regulated  activity  have  shown  that  the  lignin  level  of  the 
transgenic  plants  was  similar  to  the  control,  whereas  lignin  composition  S/G  ratio  was 
significantly  reduced,  even  where  the  OMT  activity  was  reduced  more  than  90% 
(Dwivedi  et  al.,  1994;  Atanassova  et  al.  1995;  Doorsselaere  et  al.,  1995;  Vailhe  et  al., 
1996;  Zhong  et  al.  1998;  Tsai  et  al.,  1998;  Lapierre  et  al.,  1999).  Contrary  to  those 
reports,  Ni  et  al.  (1994)  and  Sewalt  et  al.  (1997)  reported  a moderate  decrease  of  lignin 
content  in  their  OMT  down-regulated  transgenic  tobacco  plants.  The  occurrence  of 
several  O-methyltransferases  with  various  substrate  specificities  and  temporal  or  spatial 
expression  patterns  may  explain  the  different  results  (Matsui  et  al.,  1994;  Ye,  1994;  Li  et 
al.,  1997;  Kentaro  et  al.,  1998;  Meng  and  Campbell,  1998;  Gauthier  et  al.,  1998;  Martz  et 
al.,  1998;  Lapierre  et  al.,  1999).  In  the  primary  transgenic  plants  and  their  progeny,  we 
have  observed  brown  midrib  phenotype  at  the  4-  to  6-leaf  stage,  and  vascular  tissue 
discoloration  at  a mature  stage.  These  phenotypes  were  similar  to  the  natural  bm3  mutants 
and  were  not  observed  in  the  control  plants  and  progeny  lacking  the  antisense  gene. 
Moreover,  results  from  the  lignin  histochemical  staining  of  stem  sections  also  indicated 
that  the  transgenic  plants  with  down-regulated  OMT  activity  had  reduced  lignin  content 
and  modified  lignin  composition.  Although  we  did  not  know  how  much  OMT  activity 
was  reduced  to  cause  this  change  because  of  different  expression  in  leaf  and  stem.  It  has 
been  found  recently  that  there  is  an  alternative  methylation  pathway  to  synthesize  the 
lignin  monomers  (see  Fig.  2-1)  (Ye  et  al.,  1994;  Ye,  1997;  Kentaro  et  al.,  1998;  Martz  et 
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al.,  1998;  Zhong  et  al.,  1998).  Unlike  OMT  utilizing  caffeic  acid  and  hydroxyferulic  acid 
as  substrate,  caffeoyl  CoA  3-O-methyltransferase  (CCoAOMT)  catalyzes  methylation  of 
caffeoyl  and  5-hydroxyferuloyl  CoA.  Down-regulation  of  CCoAOMT  expression  in 
transgenic  tobacco  resulted  in  significantly  reduced  lignin  content  and  composition  S/G 
ratio,  and  a similar  phenotype  of  bm3.  However,  down-regulation  of  CCoAOMT  in 
transgenic  maize  did  not  change  the  phenotype  (Dr.  Tim  Helentjaris,  Pioneer  Co., 
personal  communication).  All  above-mentioned  experiments  suggest  that  OMT  may  play 
a more  important  role  in  the  monolignol  biosynthesis  of  monocots.  Our  present 
understanding  of  the  lignin  biosynthetic  pathway  may  be  oversimplified,  especially  when 
species,  tissues  and  cell  specificity  are  taken  into  account. 


CHAPTER  6 

FORAGE  QUALITY  IMPROVEMENT  OF 
TRANSGENIC  PLANTS 


Introduction 

Lignin  is  negatively  correlated  with  forage  digestibility  and  has  been  identified  as 
a major  "anti-quality"  factor  in  forage  grasses.  Natural  brown  midrib  mutants  in  maize 
( Zea  mays  L.)  and  chemically  induced  mutants  in  sorghum  [Sorghum  bicolor  (L.) 
Moench]  and  pearl  millet  [Pennisetum  glaucum  (L.)  R.  Br.]  resulted  in  improved 
digestibility  and  animal  performance  because  these  mutants  have  reduced  lignin  content 
and/or  altered  lignin  composition.  There  is  worldwide  interest  in  forage  breeding  to 
introduce  the  bm  genes  into  commercial  cultivars  (Chemey  et  al.,  1991;  Barriere  and 
Argillier,  1993;  Barriere  et  al.,  1994).  As  more  genes  in  the  lignin  biosynthetic  pathway 
are  cloned  and  their  regulatory  steps  are  demonstrated,  genetic  engineering  offers  great 
opportunities  of  modulating  those  genes  to  improve  forage  quality.  There  have  been 
several  reports  on  using  antisense  technology  to  down-regulate  O-methyltransferase 
(OMT)  in  tobacco  ( Nicotiana  tobacum)  and  poplar  trees  (Pop ulus  deltoides)  (Ni  et  al., 
1994;  Dwivedi  et  al.,  1994;  Atanassova  et  al.,  1995;  Doorsselaere  et  al.,  1995). 
Generally,  in  those  cases  the  S/G  ratio  of  lignin  subunit  composition  was  significantly 
changed  but  lignin  content  was  not  changed.  In  only  one  case,  lignin  content  was 
moderately  reduced  but  the  components  were  not  significantly  changed  (Ni  et  al.,  1994). 
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The  objectives  of  this  section  are  (1)  to  examine  whether  lignin  determined  by  acid 
detergent  lignin  (ADL),  and  cell  wall  measured  by  neutral  detergent  fiber  (NDF)  changed 
in  the  OMT  down-regulated  transgenic  plants;  (2)  to  investigate  in  vitro  organic  matter 
digestibility  of  the  transgenic  plants. 

Materials  and  Methods 

Plant  Material 

Control  and  transgenic  plants  were  grown  under  similar  environmental  conditions 
in  the  same  greenhouse.  These  plants  were  harvested  five  days  after  anthesis  and  were 
separated  into  leaf,  sheath  and  stem  (tassels  and  ear  were  removed).  The  plant  parts  were 
chopped,  dried  at  50°C,  and  ground  to  pass  through  a one-millimeter  screen  in  a Wiley 
Mill.  Only  the  transgenic  plants  with  reduced  OMT  activity  or  changed  stem  lignin 
staining  were  selected  for  forage  analysis. 

In  Vitro  Dry  Matter  Digestibility  Analysis 

In  vitro  organic  matter  digestibility  was  determined  by  a revised  method  of  the 
Tilley  and  Terry  two-stage  technique  (Tilley  and  Terry  1963;  Moore,  1974),  using  bovine 
rumen  fluid  as  inoculum.  Plant  samples  of  0.5  g were  incubated  in  media  with  inoculum 
for  48  hr  at  39°C  under  anaerobic  conditions,  then  the  samples  were  further  digested  by 
acid  pepsin  for  48  hr.  The  undigested  residue  was  recovered  by  filtration  through  a 
crucible  containing  glass  wool,  oven-dried,  and  weighed.  The  ash  weight  was  determined 
after  the  sample  was  ashed  at  500°C  in  a muffle  furnace  for  3 hr.  Dry  matter  and  organic 
matter  (OM)  of  the  original  samples  were  also  determined  (OM  = oven  dry  sample  weight 
- ash  weight).  The  OM  disappearance  was  considered  to  reflective  of  digestion.  IVOMD 
was  calculated  as  follows:  IVOMD  = [(initial  OM  - (final  OM  - blank  OM)]/initial  OM. 
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Cell  Wall  Analyses 

Neutral  detergent  fiber  analysis 

Neutral  detergent  fiber  (NDF),  as  an  estimate  of  plant  cell  wall,  was  determined  by 
the  standard  procedure  currently  used  in  the  University  of  Florida  Agronomy  Department 
Forage  Lab  (Golding  et  al.,  1985).  The  composition  of  the  neutral  detergent  was  as 
follows  (per  liter):  sodium  lauryl  sulfate  30.0  g,  disodium  EDTA  18.6  g,  sodium  borate 
dehydrate  6.8  g,  disodium  hydrogen  phosphate  4.6  g,  2-ethoxyethanol  10.0  ml.  A 0.5  g 
sample  of  plant  tissue  was  extracted  with  neutral  detergent  for  1 hr  at  boiling  temperature. 
The  residue  was  recovered  by  filtration  through  porcelain  crucible  containing  glass  wool 
and  washed  with  hot  water  and  acetone.  The  oven-dry  and  ash  weights  of  the  residue 
were  also  determined.  NDF  was  calculated:  NDF  = (oven  dry  fiber  weight  - fiber  ash 
weight)/initial  oven  dry  sample  weight. 

Acid  detergent  fiber  and  acid  detergent  lignin  analysis 

Acid  detergent  lignin  (ADL)  was  determined  using  the  method  of  Goering  and  Van 
Soest  (1970),  which  uses  two  major  procedures.  The  first  procedure  involves  acid 
detergent  extraction  of  samples.  A 0.5  g sample  of  plant  tissue  was  extracted  with  acid 
detergent  for  1 hr  at  the  boiling  temperature.  The  components  of  acid  detergent  were  (per 
liter):  sulfuric  acid  (A.R.)  0.5  M,  and  cetyltrimethylammonium  bromide  20  g.  The  residue 
was  recovered  with  a coarse  porosity  sintered  glass  crucible  and  washed  several  times 
with  hot  water  and  then  acetone.  The  residue  is  called  acid  detergent  fiber  (ADF),  which 
mainly  includes  cellulose  and  lignin.  ADF  was  calculated:  ADF  = oven-dry  fiber  weight 
/oven  dry  sample  weight.  In  the  second  procedure,  the  ADF  residue  was  further  extracted 
with  72%  sulfuric  acid  for  3 hr.  The  sample  was  then  washed  with  hot  water  until  free  of 
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sulfuric  acid  to  give  acid  detergent  lignin  (ADL).  The  dry  weight  and  ash  weight  was 
determined.  ADL  was  calculated:  ADL  = weight  loss  upon  ashing  after  72%  H2SO4 
treatment/oven  dry  sample. 

Total  Ethanol-Soluble  Carbohydrate  (TESC)  Analysis 

Total  TESC  content  of  the  stem  samples  was  determined  using  the  phenol  sulfuric 
acid  assay  as  described  by  Dubois  et  al.  (1956).  About  0.2  g of  sample  was  extracted  with 
80%  ethanol  for  4 hr  at  ambient  temperature.  The  80%  ethanol  extracts  were  filtered  and 
the  solutions  were  diluted  1 :9  with  distilled  water  for  analysis. 

Statistical  Analysis 

Statistical  analyses  including  correlation,  covariance  analysis  were  performed 
according  to  Lyman  Ott  (1994)  using  SAS  software  version  6.12  (SAS  Institute  Inc., 
Cary,  NC).  Plant  growing  days  and  dry  matter  were  included  as  covariables  in  the  model 
to  compare  IVOMD,  ADL,  ADF,  and  NDF  means  of  transgenic  and  control  plants. 

Results 

Correlation  of  Leaf  Acid  Detergent  Lignin  (ADL)  Content  and  Flag  Leaf  OMT 
Activity 

Since  OMT  activity  peaks  preceding  the  completion  of  lignification,  the  young  flag 
leaf  samples  for  OMT  activity  assay  were  taken  at  an  early  stage.  It  is  of  interest  to 
determine  whether  that  OMT  data  could  predict  lignin  content  of  different  plant  parts. 
Correlation  analysis  was  performed  to  find  out  whether  there  was  some  relationship 
between  flag  leaf  OMT  activity  and  lignin  content  of  leaf,  stem  and  sheath  from  plants 
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OMT  activity  (relative  to  control  mean) 


Fig.  6-1.  Relation  between  flag  leaf  OMT  activity  and  ADL  content. 
(A),  and(* ) indicate  transgenic  and  control  plants,  respectively. 

(A)  Leaf,  (B)  Stem,  (C)  Sheath. 


100 


sampled  five  days  after  anthesis.  As  shown  in  Fig.  6-1,  OMT  activity  of  the  young  flag 
leaf  was  positively  related  to  leaf  ADL  (r  = 0.62,  p < 0.01)  and  stem  (r  = 0.58,  p < 0.01), 
but  it  was  not  significantly  related  sheath  lignin  content  (r  = 0.21,  p > 0.1).  In  general,  low 
OMT  activity  generally  correlated  with  low  ADL  content. 

In  Vitro  Organic  Matter  Digestibility  (IVOMD),  and  Cell  Wall  Parameters  of  Leaf 
and  Sheath 

In  vitro  organic  matter  digestibility  (IVOMD),  ADL,  ADF,  and  NDF  from  the 
leaves  and  sheath  are  presented  in  Tables  6-1  and  6-2,  respectively.  IVOMD  of  the 
transgenic  plant  leaves  averaged  1 .9  percentage  units  higher  than  leaves  of  control  plants 
(p  = 0.046),  while  IVOMD  of  the  transgenic  plant  sheath  increased  5.2%  compared  to 
that  of  control  (p  = 0.002).  Leaves  and  sheaths  of  the  transgenic  plants  were  1 1.8%  (p  < 
0.001),  and  18.8%  (p  = 0.009)  lower  in  percent  lignin  than  those  of  control  plants, 
respectively.  In  addition  to  lignin,  ADF  of  transgenic  leaves  and  sheaths  were  reduced 
7.1%,  and  10.4%  (p  < 0.05),  respectively.  Moreover,  the  NDF  of  transgenic  leaves  was 
reduced  7.6%,  while  that  of  the  transgenic  sheaths  was  reduced  1 1 .4%  (p  < 0.05). 

Stem  In  Vitro  Organic  Dry  Matter  Digestibility  (IVOMD)  and  Cell  Wall  Analyses 

Stems  had  higher  lignin  content  and  lower  NDF  content  than  leaves  and  sheath 
(compare  Tables  6-1,  6-2  and  6-3).  In  vitro  organic  matter  digestibility  of  the  transgenic 
plant  stems  was,  on  average,  7.4  percentage  units  greater  than  that  of  control  stems  (p  = 
0.016).  Stems  of  the  transgenic  plants  were  approximately  19.8%  lower  in  lignin  than 
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Table  6-1.  Leaf  in  vitro  organic  matter  digestibility  (IVOMD,  % of  organic  matter), 
and  cell  wall  analyses  (%  of  dry  matter)  from  transgenic  and  control  plants  harvested 
five  days  after  anthesis. 


Plant  Sample 

IVOMD 

ADL 

ADF 

NDF 

bm4-2* 

72.8 

1.68 

32.8 

58.5 

bm5-4 

75.2 

1.61 

25.3 

48.7 

bm8-2 

75.3 

1.66 

31.1 

58.3 

bm8-4 

74.2 

1.31 

32.3 

58.2 

bm8-5 

72.2 

1.82 

30.6 

57.0 

bm8-6 

77.9 

1.61 

31.8 

58.1 

bm9-3 

74.6 

1.55 

31.5 

ND 

7-1 

73.6 

1.57 

28.5 

ND 

7-4 

74.5 

1.76 

29.7 

52.3 

7-5 

74.9 

1.44 

29.6 

54.0 

7-6 

74.4 

1.43 

32.9 

61.6 

bm128-2 

76.5 

1.63 

30.1 

55.8 

bm17-1 

76.1 

1.60 

31.6 

ND 

bm17-2 

75.5 

1.38 

24.4 

ND 

bm17-5 

75.0 

1.58 

29.3 

53.3 

bm17-6 

72.5 

1.53 

30.8 

57.2 

Control  1 

73.4 

1.80 

31.5 

61.6 

Control  2 

72.1 

1.76 

30.3 

57.8 

Control  3 

74.7 

1.70 

30.5 

58.6 

Control  4 

74.4 

1.74 

32.9 

63.6 

Control  5 

74.4 

1.71 

32.5 

63.0 

Control  6 

72.2 

2.13 

31.1 

58.0 

Control  7 

72.2 

1.80 

35.1 

64.3 

Control  8 

73.0 

1.88 

34.0 

59.6 

Control  9 

73.5 

1.66 

33.0 

60.3 

Control  10 

72.9 

1.66 

33.3 

60.2 

Mean 

Transgenic 

74.7+  0.4 

1.57  + 0.03 

30.1  +0.6 

56.1  + 1.0 

+ SE 

Control 

73.3  + 0.3 

1.78  + 0.04 

32.4  + 0.5 

60.7  + 0.7 

P value  (n=26) 

0.046 

0.0003 

0.043 

0.012  (n=22) 

* Bm  designations  indicate  the  parent  had  a brown  midrib  phenotype. 
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Table  6-2.  Sheath  in  vitro  organic  matter  digestibility  (IVOMD,  % of  organic  matter), 
and  cell  wall  analyses  (%  of  dry  matter)  from  transgenic  and  control  plants  harvested 
five  days  after  anthesis. 


Plant  Sample 

IVOMD 

ADL 

ADF 

NDF 

bm4-2* 

74.3 

1.74 

32.5 

50.8 

bmS-4 

76.1 

1.59 

27.0 

48.8 

bm8-2 

75.7 

1.39 

28.4 

55.0 

bm8-4 

80.8 

1.47 

30.0 

61.6 

bm8-5 

79.5 

2.22 

31.1 

57.7 

bm8-6 

75.1 

1.56 

34.2 

61.6 

bm9-3 

73.7 

1.22 

32.4 

ND 

7-1 

79.1 

1.50 

28.2 

ND 

7-4 

75.0 

1.14 

30.3 

55.3 

7-5 

78.6 

1.11 

29.2 

60.0 

7-6 

75.7 

1.40 

29.8 

45.7 

bm128-2 

75.2 

1.30 

31.9 

58.5 

bm17-1 

77.5 

1.25 

34.1 

ND 

bm17-2 

73.1 

1.91 

34.6 

ND 

bm17-5 

75.7 

1.35 

30.1 

58.3 

bm17-6 

80.5 

1.39 

30.6 

55.8 

Control  1 

72.1 

1.78 

35.7 

65.1 

Control  2 

73.8 

2.20 

31.1 

62.0 

Control  3 

76.0 

1.65 

35.8 

62.1 

Control  4 

72.3 

1.84 

37.3 

62.3 

Control  5 

76.3 

1.78 

31.3 

54.4 

Control  6 

71.0 

1.80 

31.5 

60.8 

Control  7 

71.4 

1.87 

37.4 

66.7 

Control  8 

72.1 

1.90 

35.3 

67.3 

Control  9 

70.4 

1.73 

32.7 

62.2 

Control  10 

72.1 

1.57 

36.6 

67.2 

Mean 

Transgenic 

76.6  + 0.6 

1.47  + 0.07 

30.9  + 0.6 

55.8  + 1.3 

+ SE 

Control 

72.8  + 0.6 

1.81  +0.05 

34.5  + 0.8 

63.0+1.2 

P value  (n=26) 

0.012 

0.010 

0.033 

0.031 (n=22) 

* Bm  designations  indicate  the  parent  had  a brown  midrib  phenotype. 
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Table  6-3.  Stem  in  vitro  organic  matter  digestibility  (IVOMD,  % organic  matter), 
and  cell  wall  analyses  (%  of  dry  matter)  from  transgenic  and  control  plants  harvested 
five  days  after  anthesis. 


Plant  Sample 

IVOMD 

ADL 

ADF 

NDF 

bm4-2* 

74.8 

2.01 

27.8 

50.6 

bm5-4 

78.2 

2.03 

21.1 

39.1 

bm8-2 

80.3 

1.37 

25.9 

48.3 

bm8-4 

76.7 

2.30 

30.5 

54.1 

bm8-5 

74.7 

2.57 

31.2 

53.9 

bm8-6 

79.9 

2.15 

27.4 

51.4 

bm9-3 

72.7 

2.06 

30.4 

56.7 

7-1 

75.6 

1.99 

24.3 

46.2 

7-4 

76.8 

2.10 

25.7 

47.3 

7-5 

76.4 

1.25 

31.8 

54.9 

7-6 

76.3 

2.20 

30.5 

53.2 

bm128-2 

79.0 

1.78 

27.6 

49.6 

bm17-1 

71.6 

2.49 

29.9 

53.0 

bm17-2 

74.6 

1.72 

29.8 

53.7 

bm17-5 

78.1 

2.24 

27.1 

49.4 

bm17-6 

81.2 

1.36 

24.3 

43.0 

Control  1 

69.4 

2.27 

32.4 

55.6 

Control  2 

75.6 

2.05 

26.7 

47.8 

Control  3 

68.4 

2.81 

31.2 

53.3 

Control  4 

68.0 

2.41 

31.7 

54.1 

Control  5 

72.1 

3.20 

28.8 

49.9 

Control  6 

67.0 

3.31 

32.4 

55.8 

Control  7 

74.2 

1.89 

29.8 

53.4 

Control  8 

72.7 

2.32 

31.7 

54.4 

Control  9 

72.3 

2.17 

28.7 

50.7 

Control  10 

74.3 

2.25 

33.4 

57.5 

Mean 

Transgenic 

76.7  + 0.7 

1.98  + 0.10 

27.8  + 0.8 

50.3+1.2 

+ SE 

Control 

71.4  + 1.0 

2.47  + 0.15 

30.7  + 0.7 

53.3  + 0.9 

P value  (n=26) 

0.0003 

0.0033 

0.091 

0.205 

* Bm  designations  indicate  the  parent  had  a brown  midrib  phenotype. 
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stem  of  control  plants  (p  < 0.001).  Unlike  leaf  and  sheath,  ADF  and  NDF  from  the 
transgenic  stems  were  not  significantly  reduced  (p  > 0.05)  compared  to  the  control.  Plant 
bml7-6  has  the  highest  IVOMD  (increased  13.7%)  and  corresponded  to  its  lowest  lignin 
content  (reduced  44.9%). 

Whole  Plant  In  Vitro  Organic  Matter  Digestibility  (IVOMD)  and  Cell  Wall  Analyses 

IVOMD  and  cell  wall  parameters  of  whole  plants  were  calculated  by 
mathematically  adjusting  the  data  of  the  plant  parts  in  proportion  to  their  percentage  of 
the  total  plant  dry  matter  (Table  6-4  and  Table  6-5).  The  calculated  results  are  presented 
in  Table  6-6.  The  transgenic  plants,  on  average,  had  increased  IVOMD  5.0%  (p  < 0.001), 
and  reduced  lignin  16.5%  (p  < 0.001),  ADF  9.3%  (p  < 0.01),  and  NDF  8.9%  (p  = 0.005) 
compared  to  the  control  plants. 

Total  Ethanol-Soluble  Carbohydrate  (TESC)  of  Stem 

Since  stems  of  the  transgenic  plants  had  the  highest  increase  in  IVOMD,  stems 
from  control  and  transgenic  plants  with  improved  IVOMD  were  subjected  to  TESC 
analysis.  The  results  are  presented  in  Table  6-7.  The  average  TESC  content  increased 
29.8%  compared  to  the  control.  The  change  in  total  sugar  content  was  also  observed  in 
brown  midrib  sorghum  (Hanna  et  al.,  1981).  Since  these  transgenic  plants  had 
significantly  reduced  ADL,  ADF  and  NDF,  it  may  be  possible  that  carbon  flows  into  non- 
cell wall  components. 
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Table  6-4.  Dry  matter  of  plant  parts  from  transgenic  and  control  plants  harvested 
five  days  after  anthesis. 


Sample 

Plant  Parts  ( g dry  matter) 

Total 

Weight 

(gdry 

matter) 

Leaf 

Stem 

Sheath 

bm4-2* 

13.2 

20.9 

12.3 

46.4 

bm5-4 

17.4 

25.5 

11.6 

54.5 

bm8-2 

15.6 

21.5 

12.3 

49.4 

bmX-4 

16.0 

23.2 

15.2 

54.4 

bm8-5 

15.6 

22.3 

10.7 

48.6 

bm8-6 

14.8 

21.3 

10.5 

46.6 

bm9-3 

14.5 

15.7 

9.3 

39.5 

7-1 

12.5 

13.4 

10.5 

36.4 

7-4 

17.7 

19.7 

11.9 

49.3 

7-5 

17.6 

11.8 

12.0 

41.4 

7-6 

14.4 

15.9 

22.3 

52.6 

bml28-2 

15.2 

17.1 

11.3 

43.6 

bml7-l 

9.6 

12.4 

7.7 

29.7 

bml7-2 

10.8 

14.1 

8.1 

33.0 

bml7-5 

17.5 

23.6 

12.5 

53.6 

bml7-6 

16.0 

14.1 

10.8 

40.9 

Control  1 

13.4 

13.8 

8.1 

35.3 

Control  2 

9.6 

11.0 

5.5 

26.1 

Control  3 

9.0 

10.3 

7.8 

27.1 

Control  4 

6.9 

8.8 

6.0 

21.7 

Control  5 

18.3 

21.2 

12.3 

51.8 

Control  6 

18.2 

17.2 

11.5 

46.9 

Control  7 

20.4 

23.8 

14.3 

58.5 

Control  8 

21.6 

21.2 

14.0 

56.8 

Control  9 

18.2 

21.1 

12.5 

51.8 

Control  10 

17.6 

21.2 

12.9 

51.7 

14.4  + 0.7 

17.9+1.0 

11.3  + 0.8 

43.6  + 2.0 

Mean 

Transgenic 

+ SE 

Control 

15.8  + 1.6 

16.5  + 1.6 

11.1  + 1.1 

43.4  + 4.0 

* Bm  designations  indicate  the  parent  had  brown  midrib  phenotype. 
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Table  6-5.  Percentage  of  dry  matter  (%  DM)  and  percentage  of  organic  matter  (% 
OM)  of  plant  parts  from  transgenic  and  control  plants  harvested  five  days  after 
anthesis. 


Plant  Sample 

Leaf 

Stem 

Sheath 

% DM 

% OM 

% DM 

% OM 

% DM 

% OM 

bm4-2* 

95.5 

91.4 

93.6 

91.6 

95.5 

92.4 

bm5-4 

95.8 

91.8 

95.5 

95.8 

96.1 

94.7 

bm8-2 

95.5 

91.5 

94.1 

94.9 

95.8 

93.9 

bm8-4 

94.4 

91.9 

95.4 

94.3 

93.8 

93.8 

bm8-5 

94.1 

90.8 

95.6 

94.4 

93.5 

92.7 

bm8-6 

94.4 

91.5 

94.4 

93.7 

93.1 

92.7 

bm9-3 

94.9 

91.6 

93.2 

93.0 

94.6 

92.1 

7-1 

95.6 

91.6 

94.2 

93.0 

95.7 

92.1 

7-4 

95.9 

91.6 

94.7 

93.7 

95.7 

92.8 

7-5 

95.7 

90.7 

95.3 

94.8 

95.3 

94.1 

7-6 

95.6 

92.3 

94.7 

92.6 

94.3 

94.0 

bm  128-2 

95.3 

90.8 

94.2 

93.7 

95.4 

94.5 

bml7-l 

95.5 

90.4 

95.2 

93.8 

95.8 

93.0 

bml7-2 

94.5 

91.4 

93.9 

92.7 

94.6 

91.2 

bml7-5 

95.9 

91.4 

95.4 

95.4 

95.9 

94.5 

bml7-6 

95.6 

90.7 

94.6 

93.9 

95.2 

92.5 

Control  1 

95.0 

90.9 

93.0 

89.8 

94.3 

89.8 

Control  2 

95.3 

90.2 

94.3 

92.4 

94.9 

90.3 

Control  3 

94.4 

90.6 

92.5 

90.6 

94.0 

89.3 

Control  4 

94.3 

90.2 

94.5 

88.4 

94.0 

87.9 

Control  5 

96.2 

91.9 

94.9 

93.2 

95.9 

91.9 

Control  6 

96.3 

91.2 

95.9 

93.8 

95.7 

92.0 

Control  7 

94.5 

90.8 

92.7 

93.8 

94.4 

92.0 

Control  8 

95.2 

92.2 

93.6 

94.1 

94.6 

93.1 

Control  9 

94.9 

91.2 

94.9 

94.1 

94.9 

91.2 

Control  10 

95.0 

91.3 

95.6 

94.3 

94.4 

92.0 

* Bm  designations  indicate  the  parent  had  brown  midrib  phenotype. 
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Table  6-6.  Whole  plant  in  vitro  organic  matter  digestibility  (IVOMD,  % of  organic 
matter),  and  cell  wall  analyses  (%  of  dry  matter)  from  transgenic  and  control  plants 
harvested  five  days  after  anthesis. 


Plant  Sample 

IVOMD 

ADL 

ADF 

NDF 

bm4-2* 

74.1 

1.85 

30.5 

52.9 

bm5-4 

76.8 

1.80 

23.7 

44.2 

bm8-2 

77.6 

1.47 

28.2 

53.1 

bm8-4 

77.1 

1.77 

30.9 

57.4 

bm8-5 

75.0 

2.25 

31.0 

55.7 

bm8-6 

78.2 

1.84 

30.3 

55.8 

bm9-3 

73.6 

1.68 

31.3 

ND 

7-1 

75.9 

1.71 

26.9 

ND 

7-4 

75.5 

1.75 

28.2 

51.0 

7-5 

76.4 

1.29 

30.1 

56.0 

7-6 

75.5 

1.65 

30.9 

52.3 

bm128-2 

77.1 

1.60 

29.6 

54.1 

bm17-1 

74.6 

1.88 

31.5 

ND 

bm17-2 

74.5 

1.66 

29.2 

ND 

bm17-5 

76.6 

1.82 

28.5 

52.7 

bm17-6 

77.7 

1.43 

28.5 

51.9 

Control  1 

71.5 

1.98 

32.8 

60.1 

Control  2 

74.0 

1.98 

29.0 

54.5 

Control  3 

72.7 

2.11 

32.3 

57.6 

Control  4 

71.2 

2.04 

33.6 

59.4 

Control  5 

73.9 

2.34 

30.7 

55.6 

Control  6 

70.0 

2.48 

31.7 

57.9 

Control  7 

72.8 

1.85 

33.5 

60.5 

Control  8 

72.7 

2.05 

33.5 

59.6 

Control  9 

72.3 

1.88 

31.2 

56.9 

Control  10 

73.3 

1.88 

34.2 

60.8 

Mean 

Transgenic 

76.0  + 0.4 

1.72  + 0.06 

29.3  + 0.5 

53.1  + 1.0 

+ SE 

Control 

72.4+  0.4 

2.06  + 0.06 

32.3  + 0.5 

58.3  + 0.7 

P value  (n=26) 

0.0001 

0.0004 

0.007 

0.005(n=22) 

* bm  designations  indicate  the  parent  had  a brown  midrib  phenotype. 


Table  6-7.  Total  ethanol-soluble  carbohydrate  (TESC)  contents  of  stems 
from  some  transgenic  and  control  plants. 


Plant  Sample 

TESC  contents 
(%  dry  matter) 

bm8-2 

13.7 

bm8-6 

15.4 

bm5-4 

12.1 

bml28-2 

14.3 

bml7-5 

14.0 

bml7-6 

12.2 

7-1 

13.6 

7-4 

12.8 

Control  1 

8.0 

Control  2 

8.4 

Control  3 

10.7 

Control  7 

10.8 

Control  8 

13.0 

Control  10 

11.5 

Means  + SE 

Transgenic 

13.5  ±0.4 

Control 

10.4  + 0.8 

P value  (n=14) 

0.038 

* Bm  designations  indicate  the  parent  had  a brown  midrib  phenotype. 
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Table  6-8.  Leaf  ADL/ADF,  ADL/NDF,  and  ADF/NDF  from  transgenic  and  control 
plants  harvested  five  days  after  anthesis. 


Plant  Sample 

ADL/ADF 

(%) 

ADL/NDF 

(%) 

ADF/NDF 

(%) 

bm4-2* 

5.1 

2.9 

56.1 

bm5-4 

6.4 

3.3 

52.0 

bm8-2 

5.3 

2.9 

53.3 

bm8-4 

4.1 

2.3 

55.5 

bm8-5 

6.0 

3.2 

53.7 

bm8-6 

5.1 

2.8 

54.7 

bm9-3 

4.9 

ND 

ND 

7-1 

5.5 

ND 

ND 

7-4 

5.9 

3.4 

56.8 

7-5 

4.9 

2.7 

54.8 

7-6 

4.4 

2.3 

53.4 

bm  128-2 

5.4 

2.9 

53.9 

bm17-1 

5.1 

ND 

ND 

bm17-2 

5.7 

ND 

ND 

bm17-5 

5.4 

3.0 

55.0 

bm17-6 

5.0 

2.7 

53.8 

Control  1 

5.7 

2.9 

51.1 

Control  2 

5.8 

3.0 

52.4 

Control  3 

5.6 

2.9 

52.0 

Control  4 

5.3 

2.7 

51.7 

Control  5 

5.3 

2.7 

51.6 

Control  6 

6.9 

3.7 

53.6 

Control  7 

5.1 

2.8 

54.6 

Control  8 

5.5 

3.2 

57.0 

Control  9 

5.0 

2.8 

54.7 

Control  10 

5.0 

2.8 

55.3 

Mean 

Transgenic 

5.2  ± 0.2 

2.9  ±0.1 

54.4  ±0.4 

+ SE 

Control 

5.5  ±0.2 

3.0  ±0.1 

53.4  ±0.6 

P value  (n=26) 

0.095 

0.198  (n=22) 

0.059  (n=22) 

* Bm  designations  indicate  the  parent  had  a brown  midrib  phenotype. 
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Table  6-9.  Stem  ADL/ADF,  ADL/NDF,  and  ADF/NDF  from  transgenic  and  control 
plants  harvested  five  days  after  anthesis. 


Plant  Sample 

ADL/ADF 

(%) 

ADL/NDF 

(%) 

ADF/NDF 

(%) 

bm4-2* 

7.2 

4.0 

54.9 

bm5-4 

9.6 

5.2 

54.0 

bm8-2 

5.3 

2.8 

53.6 

bm8-4 

7.5 

4.3 

56.4 

bm8-5 

8.2 

4.8 

57.9 

bm8-6 

7.9 

4.2 

53.3 

bm9-3 

6.8 

3.6 

53.6 

7-1 

8.2 

4.3 

52.6 

7-4 

8.2 

4.4 

54.3 

7-5 

3.9 

2.3 

57.9 

7-6 

7.2 

4.1 

57.3 

bm128-2 

6.5 

3.6 

55.6 

bm17-1 

8.3 

4.7 

56.4 

bm17-2 

5.8 

3.2 

55.5 

bm17-5 

8.3 

4.5 

54.9 

bm17-6 

5.6 

3.2 

56.5 

Control  1 

7.0 

4.1 

58.3 

Control  2 

7.7 

4.3 

55.9 

Control  3 

9.0 

5.3 

58.5 

Control  4 

7.6 

4.5 

58.6 

Control  5 

11.1 

6.4 

57.7 

Control  6 

10.2 

5.9 

58.1 

Control  7 

6.3 

3.5 

55.8 

Control  8 

7.3 

4.3 

58.3 

Control  9 

7.6 

4.3 

56.6 

Control  10 

6.7 

3.9 

58.1 

Mean 

Transgenic 

7.2  ± 0.4 

4.0  ±0.2 

55.3  ±0.4 

+ SE 

Control 

8.1  ±0.5 

4.6  ± 0.3 

57.6  ±0.4 

P value  (n=26) 

0.020 

0.007 

0.030 

* Bm  designations  indicate  the  parent  had  a brown  midrib  phenotype. 
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Table  6-10.  Sheath  ADL/ADF,  ADL/NDF,  and  ADF/NDF  from  transgenic  and 
control  plants  harvested  five  days  after  anthesis. 


Plant  Sample 

ADL/ADF 

(%) 

ADL/NDF 

(%) 

ADF/NDF 

(%) 

bm4-2* 

5.4 

3.4 

64.0 

bm5-4 

5.9 

3.3 

55.3 

bm8-2 

4.9 

2.5 

51.6 

bm8-4 

4.9 

2.4 

48.7 

bm8-5 

7.1 

3.9 

53.9 

bm8-6 

4.6 

2.5 

55.5 

bm9-3 

3.8 

ND 

ND 

7-1 

5.3 

ND 

ND 

7-4 

3.8 

2.1 

54.8 

7-5 

3.8 

1.9 

48.7 

7-6 

4.7 

3.1 

65.2 

bm128-2 

4.1 

2.2 

54.5 

bm17-1 

3.7 

ND 

ND 

bm17-2 

5.5 

ND 

ND 

bm17-5 

4.5 

2.3 

51.6 

bm17-6 

4.5 

2.5 

54.8 

Control  1 

5.0 

2.7 

54.8 

Control  2 

7.1 

3.6 

50.2 

Control  3 

4.6 

2.7 

57.6 

Control  4 

4.9 

3.0 

59.9 

Control  5 

5.7 

3.3 

57.5 

Control  6 

5.7 

3.0 

51.8 

Control  7 

5.0 

2.8 

56.1 

Control  8 

5.4 

2.8 

52.5 

Control  9 

5.3 

2.8 

52.6 

Control  10 

4.3 

2.3 

54.5 

Mean 

Transgenic 

4.8  ±0.2 

2.7  ±0.2 

54.9  ± 1.5 

+ SE 

Control 

5.3  ±0.2 

2.9  ±0.1 

54.7  ± 1.0 

P value  (n=26) 

0.094 

0.199  (n=22) 

0.209  (n=22) 

* Bm  designations  indicate  the  parent  had  a brown  midrib  phenotype. 
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Table  6-11.  Correlation  between  IVOMD  and  cell  wall  analyses  of  plant  parts,  and 
whole  plant. 


Forage 

Parameters 

r with  IVOMD 

Leaf 

Stem 

Sheath 

Whole  Plant 

ADL 

-0.47 

(p  = 0.01) 

-0.70 

(p  = 0.0001) 

-0.35 

(p  = 0.088) 

-0.69 

(p  = 0.0002) 

ADF 

-0.33 

(p  = 0.10) 

-0.66 

(p  = 0.0003) 

-0.60 

(p  = 0.0015) 

-0.66 

(p  = 0.0004) 

NDF 

-0.31 

(p  = 0.16) 

-0.58 

(p  = 0.004) 

-0.42 

(p  = 0.058) 

-0.62 

(p  = 0.0021) 

ADL/ ADF 

-0.21 
(p  = 0.35) 

-0.53 

(p  = 0.01) 

-0.21 
(p  = 0.36) 

-0.36 

(p  = 0.10) 

ADL/NDF 

-0.23 
(p  = 0.25) 

-0.41 
(p  = 0.04) 

-0.44 

(p  = 0.028) 

-0.42 

(p  = 0.049) 

IVOMD  (%  of  OM) 
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Leaf  IVOMD-  ADL  relationship 
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Fig.  6-2.  Relationship  of  IVOMD  and  ADL.  ( a ) indicates  transgenic  plants. 
(•)  indicates  control  plants. 
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Ratios  of  ADL/ADF,  ADL/NDF,  and  ADF/NDF  in  Transgenic  and  Control  Plants 

The  ratios  of  ADL/ADF,  ADL/NDF,  and  ADF/NDF  were  associated  with 
digestibility  as  pointed  out  by  Van  Soest  (1967).  These  calculated  ratios  are  presented  in 
Table  6-8,  Table  6-9,  and  Table  6-10.  Leaf  and  sheath  ratios  of  ADL/ADF,  ADL/NDF, 
and  ADF/NDF  were  not  significantly  different  between  transgenic  and  control  plants  (p  > 
0.05),  while  transgenic  stem  ratios  of  ADL/ADF,  ADL/NDF,  and  ADF/NDF  were 
significantly  decreased  compared  to  the  control  (p  < 0.03). 

Lignin  (ADL),  ADF,  NDF  and  In  Vitro  Organic  Matter  Digestibility  Relationship 

To  further  investigate  the  relationship  between  cell  wall  parameters  (ADL,  ADF, 
and  NDF)  and  IVOMD,  correlation  analysis  was  performed.  Table  6-11  presents  the 
Pearson  correlation  coefficients  between  IVOMD  and  cell  wall  parameters,  which  reflect 
the  extent  of  a linear  relationship  between  two  data  sets.  IVOMD  was  negatively 
correlated  with  ADL,  and  stem  IVOMD  had  strongest  negative  relationship  with  stem 
ADL.  Some  of  the  transgenic  plants  showed  higher  digestibility  even  though  their  ADL 
levels  similar  to  the  controls,  which  might  suggest  their  lignin  chemical  composition  was 
changed  (see  Fig.  6-2).  IVOMD  was  also  negatively  correlated  to  ADF  and  NDF  in  stem, 
sheath  and  whole  plant,  but  not  in  leaf. 

Discussion 

Down-regulation  of  OMT  Expression  Associated  with  Lignin  Reduction 

In  the  previous  chapter,  we  showed  that  some  transgenic  plants  had  the  brown 
midrib  phenotype  in  early  development  and  stem  discoloration  at  maturity,  which  are 
characteristics  of  the  maize  natural  mutant  bm3.  The  histochemical  staining  also  indicated 
that  lignin  content  was  reduced  and/or  lignin  composition  was  altered.  Here  we  further 
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showed  that  OMT  activity  of  the  flag  leaf  was  correlated  with  leaf  lignin  content  five  days 
after  anthesis.  Grand  et  al.  (1985)  suggested  that  OMT  activity  could  be  used  as  an  early 
marker  to  screen  low  lignin  lines.  However,  unlike  the  structural  gene  mutation  in  bm3, 
which  is  stable  during  development,  the  antisense  transgenic  plants  seemed  to  show 
unstable  OMT  down-regulation  that  may  relate  to  spatially  and  temporally  different 
expression  of  the  transgene.  This  observation  was  consistent  with  other  reports 
(Atanassova  et  al.,  1995;  Piquemal  et  al.,  1998).  Sampling  at  a more  mature  stage  rather 
than  14-day-old  seedling  may  better  reflect  the  whole  process  of  OMT  down-regulation. 
By  standardized  sampling  of  the  young  flag  leaf,  we  demonstrated  that  leaves  of 
transgenic  plants  with  reduced  OMT  activity  had  lower  lignin  (ADL)  content  than  the 
control.  For  further  investigation  in  the  future,  comparison  of  young  flag  leaf 's  OMT 
activity  may  offer  a way  to  select  low-lignin  transgenic  plants. 

Altered  Lignin  Improved  In  Vitro  Organic  Matter  Digestibility 

Brown  midrib  mutants  in  maize,  sorghum,  and  pearl  millet  all  showed  improved 
forage  digestibility  that  was  associated  with  alteration  of  lignin  content  and/or 
composition  (Chemey  et  al.,  1991;  Barriere  et  al.,  1994).  Recently,  Vailhe  et  al.  (1996) 
indicated  OMT  down-regulated  transgenic  tobacco  improved  enzymatic  degradability 
3.5%  without  reducting  lignin  content.  Sewalt  et  al.  (1997)  reported  an  extreme 
improvement  of  cellulase  degradability  by  48%  in  OMT  down-regulated  transgenic 
tobacco  having  moderately  reduced  lignin.  For  the  purpose  of  improving  tropical  grass 
digestibility,  we  used  maize  as  a model  system.  Our  data  showed  that  the  stem  had  the 
greatest  improvement  of  IVOMD  (7.4  %),  sheath  second  (5.2  %),  and  leaf  the  least  (1.9 
%),  which  corresponded  to  lignin  reduction  levels  of  stem  -19.8  %,  sheath  -18.8  %,  leaf 
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-1 1.8  %.  On  a whole  plant  basis,  the  transgenic  plants  increased  IVOMD  averaged  5.0  % 
with  a lignin  reduction  of  16.5%.  The  highest  IVOMD  increase  (plant  bml7-6)  was  8.0  % 
with  a lignin  reduction  of  30.6%.  Some  of  the  transgenic  plants  (e.  g.  plant  bm8-6,  bm5- 
4)  had  lignin  content  levels  similar  to  the  controls  but  increased  IVOMD.  This  might 
suggest  a change  of  lignin  chemical  composition.  In  addition  to  lignin,  ADF  and  NDF  of 
the  transgenic  plants  were  also  reduced  significantly  (see  Table  6-4).  With  stem  having 
the  most  increased  IVOMD,  total  sugars  were  also  increased.  The  correlation  analysis 
indicated  that  IVOMD  had  a significantly  negative  association  with  lignin,  ADF  and  NDF 
but  was  positively  related  to  total  sugar  content.  These  observations  indicated  that  the 
IVOMD  improvement  could  not  be  attributed  to  only  one  cell  wall  component.  The  plant 
cell  wall  is  a complex  and  dynamic  structure.  The  lignin  content  and/or  chemical 
composition  change  may  also  be  associated  with  structural  and  quantitative  change  of 
other  cell  wall  components  (such  as  hemicellulose  and  cellulose)  to  compensate  the  lignin 
alteration.  It  requires  interdisciplinary  cooperation  to  fully  understand  the  issue.  However, 
when  the  transgenic  plants  had  lost  the  OMT  antisense  gene  because  of  deletion  or 
segregation,  no  IVOMD  improvement  was  observed  in  those  plants  (data  not  shown). 
Combining  all  these  together,  with  the  established  low  lignin  bm  mutants  increasing 
digestibility,  our  results  verified  that  maize  plant  digestibility  was  improved  by  down- 
regulation  of  OMT  expression.  As  OMT  is  highly  conserved  in  dicots,  it  is  expected  to  be 
conserved  in  monocots  (the  sequence  similarity  between  sorghum  OMT  cDNA  and  maize 
OMT  cDNA  is  76.8%).  Our  results  implied  that  forage  quality  of  tropical  grass  could  be 
improved  by  genetic  engineering  with  heterologous  OMT  antisense  gene. 
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As  antisense  gene  silencing  is  an  epigenetic  trait,  the  inheritance  of  OMT  down- 
regulation  needs  to  be  examined  in  the  successive  generations.  The  other  way  is  to 
transform  some  grass  species,  such  as  bahiagrass,  that  can  be  propagated  by  vegetative 
tissue  so  that  non-Mendelian  inheritance  of  transgene  expression  can  be  avoided. 


CHAPTER  7 

SUMMARY  AND  CONCLUSIONS 


Lignin  is  an  aromatic  polymer  in  certain  plant  cell  walls  and  it  has  been  negatively 
correlated  with  forage  digestibility.  Brown  midrib  mutants  of  maize,  sorghum  and  pearl 
millet  have  increased  digestibility  as  well  as  animal  intake  and  performance  because  of 
reduced  lignin  content  and/or  modified  lignin  composition.  Genetic  engineering  of  the 
cloned  genes  in  the  lignin  biosynthetic  pathway  using  antisense  technology  offers  the 
potential  to  manipulate  lignin  biosynthesis  and  induce  the  brown  midrib  phenotype  in 
other  grass  species. 

In  the  present  study,  we  used  maize  Hi-II  as  a model  system  and  the  OMT  gene  as 
the  antisense  target  to  investigate  the  effectiveness  of  a sorghum  OMT  antisense  gene  on 
inhibition  of  the  endogenous  OMT  gene  expression,  and  its  effect  on  forage  digestibility. 
To  achieve  this,  we  have  constructed  a set  of  sorghum  antisense  OMT  vectors.  The 
vectors  contained  two  expression  units,  one  is  the  sorghum  OMT  antisense  cDNA  (full- 
length,  5'  or  3'-OMT  cDNA)  driven  by  maize  Ubi-1  promoter,  first  exon  and  first  intron 
and  terminated  by  the  nos  terminator.  The  other  is  the  selectable  marker  bar  gene  driven 
by  CaMV  35S  promoter.  The  vectors  were  then  introduced  into  maize  via  particle 
bombardment. 

From  those  bombardments  (50  shots),  three  hundred  fifty  maize  plants  were 
regenerated  (from  66  resistant  calli)  in  the  presence  of  glufosinate.  All  the  plants  were 
tested  by  leaf  painting  with  1%  Ignite  and  54.5%  were  herbicide  resistant.  Among  the  two 
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hundred  and  four  plants  tested  by  PCR  specific  amplification  of  the  bar  gene,  85%  were 
positive.  Southern  blot  analysis  with  the  primary  transgenic  plants  indicated  the  bar  gene 
was  integrated  in  different  patterns  with  the  copy  numbers  ranging  of  1 to  more  than  20 
including  both  the  full-length  bar  gene  expression  units  and  the  rearranged  copies. 
Southern  blot  analyses  were  also  performed  with  the  progeny  of  primary  transgenic 
plants.  The  data  showed  that  bar  gene  was  stably  transmitted  to  the  progeny  and  no 
rearrangements  were  observed  in  the  examined  plants,  whereas  the  OMT  antisense  gene 
was  not  stably  transmitted  as  revealed  by  different  hybridization  patterns  among  siblings. 
The  inheritance  difference  between  a selectable  marker  gene  and  an  unselectable  gene  has 
also  been  reported  by  other  groups  (Fromm  et  al.,  1990;  Spencer  et  al.,  1992;  Register  III 
et  al.,  1994;  Zhang  et  al.,  1996). 

Expression  of  the  transgenes  in  progeny  was  investigated  using  northern  analysis. 
Results  showed  that  bar  expression  varied  among  the  different  transformation  events  and 
no  correlation  was  observed  between  transgene  copy  number  and  transgene  expression 
level.  OMT  antisene  gene  transcripts  were  detected  in  only  a few  plant  samples  and  no 
correlation  existed  between  the  bar  gene  expression  and  OMT  antisense  expression  level. 

About  1 0%  of  the  transgenic  plants  expressed  the  brown  midrib  phenotype  at  the 
4-  to  6-leaf  stage.  Some  of  these  plants  also  had  the  brownish  pigmentation  in  the 
vascular  tissues  of  the  stems  after  maturity.  These  characteristics  were  similar  to  the 
maize  natural  mutant  bm3. 

OMT  activity  was  highly  variable  in  different  plant  parts  within  a single  maize 
control  plant.  OMT  activity  was  high  in  the  young  leaves  and  extending  intemodes,  while 
it  was  low  in  the  old  leaves  and  very  young  intemodes.  This  OMT  activity  distribution 
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was  correlated  well  with  the  endogenous  maize  OMT  mRNA  steady  state  level.  These 
data  demonstrated  it  was  necessary  to  standardize  the  sampling  stage  and  sampling 
method.  The  second  youngest  leaf  of  2- week  old  (5 -leaf)  progeny  of  the  primary 
transgenic  plants  was  analyzed  for  OMT  activity.  The  results  indicated  that  OMT  activity 
was  significantly  down  regulated  in  the  transgenic  plants  compared  to  the  control. 
However,  that  activity  was  as  highly  variable  among  family  siblings  as  between  families. 
The  down-regulated  OMT  activity  at  2-week  stage  was  not  maintained  at  a more  mature 
stage.  This  was  probably  caused  by  temporally  and  spatially  different  expression  of  the 
OMT  antisense  gene.  These  data  indicated  that  sampling  at  an  early  stage  was  not  a 
reliable  indicator  for  late-stage  down  regulation  of  OMT.  We  replanted  selected 
transgenic  and  control  plants  and  sampled  the  young  flag  leaf  for  OMT  activity  assay. 
The  data  showed  that  at  this  stage  OMT  was  less  variable  within  family  siblings  but  was 
significantly  different  among  the  analyzed  families. 

The  OMT  down-regulation  was  further  confirmed  by  strand-specific  northern 
analysis  with  an  antisense  OMT  probe.  The  results  indicated  the  endogenous  OMT 
mRNA  steady  state  level  was  reduced  in  the  transgenic  plants  as  compared  to  that  of  the 
control.  This  suggests  suppression  of  the  endogenous  OMT  mRNA  accumulation  by  the 
antisense  OMT  RNA. 

In  vitro  organic  matter  digestibility  (IVOMD),  neutral  detergent  fiber  (NDF),  acid 
detergent  lignin  (ADL)  and  total  ethanol-soluble  carbohydrate  (TESC)  analyses  were 
performed  with  some  of  the  control  and  transgenic  plants.  The  plants  were  harvested  five 
days  after  anthesis  and  separated  into  leaf,  stem  and  sheath.  Our  data  showed  that  stem 
had  most  improvement  of  IVOMD  (7.4  %),  sheath  second  (5.2  %),  and  leaf  the  last  (1.9 
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%),  which  corresponded  to  the  lignin  reduction  level  (stem  -19.8  %,  sheath  -18.8  %,  leaf 
-11.8  %)  compared  to  control  plants.  On  a whole  plant  basis,  the  transgenic  plants 
increased  IVOMD  average  5.0  % with  lignin  reduction  of  16.5%.  The  highest  IYOMD 
increase  (plant  bml7-6)  was  8.0  % with  lignin  reduction  of  30.6%.  These  data  verified 
that  down-regulation  of  OMT  can  improve  forage  digestibility,  which  offers  the  potential 
for  the  improvement  forage  quality  of  other  tropical  grasses. 
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